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•• The conversion of raw materials into useful shapes The conversion of raw materials into useful shapes 
using phase transformationsusing phase transformations

•• Is one of the Is one of the first stepsfirst steps in converting raw materials in converting raw materials 
into useful productsinto useful products

•• Applicable to most materialsApplicable to most materials
•• Metals & alloysMetals & alloys
•• CeramicsCeramics
•• PlasticsPlastics
•• GlassGlass

•• Also includes mixturesAlso includes mixtures
•• Ceramic slips and slurriesCeramic slips and slurries

Casting Casting –– OverviewOverview
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•• AdvantagesAdvantages
• Complex geometries
• Can be “net shaped”
• Can produce very large parts
• Any metals
• Can be mass-produced
• No size limits (realistic limits)
• Close tolerances (some processes
• High surface finish (some processes)
• Less scrap

Casting Casting –– OverviewOverview
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•• DisadvantagesDisadvantages
• Limitation in mechanical properties, dimensional 

accuracy and surface finish 
• Shrinkage, porosity, cracks
• Tooling can be expensive

– part shape depends on tool (mold)
• Can be brittle
• Microstructure can be difficult to control

– non-uniform cooling
– faster on outside produces finer grain structure

• Some Safety Hazard

Casting Casting –– OverviewOverview
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Casting ProcessCasting Process

The Casting Process essentially involves the following The Casting Process essentially involves the following 
steps:steps:

•• making a mold patterned after the component to be making a mold patterned after the component to be 
manufacturedmanufactured

•• pouring molten metal into the moldpouring molten metal into the mold

•• allowing it to coolallowing it to cool

•• and removing the metal from the moldand removing the metal from the mold
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•• Molten materials which solidify on coolingMolten materials which solidify on cooling
•• Metals, ceramics, glassesMetals, ceramics, glasses

•• Liquids which solidify by reacting with Liquids which solidify by reacting with 
chemical activators/hardeners or moisturechemical activators/hardeners or moisture
•• Plastics Plastics 

•• Slurries which solidify by the extraction of the Slurries which solidify by the extraction of the 
suspending medium (usually water)suspending medium (usually water)
•• Ceramics Ceramics 

Types of CastingTypes of Casting
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A Foundry is a casting factoryA Foundry is a casting factory
Workers are Workers are ‘‘FoundrymenFoundrymen’’
Mold Materials Mold Materials –– sand, plaster, ceramic sand, plaster, ceramic 
and metalsand metals
Open Molds Open Molds –– Simple partsSimple parts
Closed Molds Closed Molds –– Complex partsComplex parts

A passageway A passageway -- the gating systemthe gating system

Expandable or permanent molds Expandable or permanent molds 

Flask

Mold

Runner

Down 
spruce

Parting line

RiserCastingCasting
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.. .. 3200 B.C.3200 B.C. A copper frog, the oldest known casting in existence, is cast A copper frog, the oldest known casting in existence, is cast 
in Mesopotamia.in Mesopotamia.

..  ..  2000 B.C.2000 B.C. Iron is discovered.Iron is discovered.

..  ..  800800--700 B.C.700 B.C. First Chinese production of cast iron.First Chinese production of cast iron.

..  ..  645 B.C.645 B.C. Earliest known sand molding (Chinese). Earliest known sand molding (Chinese). 

..  ..  233 B.C.233 B.C. Cast iron plowshares are poured in China.Cast iron plowshares are poured in China.

..  ..  500 A.D.500 A.D. Cast crucible steel is first produced in India, but the processCast crucible steel is first produced in India, but the process
is lost until 1750, when Benjamin Huntsman reinvents it in is lost until 1750, when Benjamin Huntsman reinvents it in 
England.England.

Metal Casting Metal Casting -- OriginsOrigins
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Middle Ages to 1800Middle Ages to 1800

..  ..  16421642 Saugus Iron Works, America's first iron foundry (and second Saugus Iron Works, America's first iron foundry (and second 
industrial plant), is established near Lynn, Massachusetts. The industrial plant), is established near Lynn, Massachusetts. The first first 
American iron casting, the Saugus pot, is poured there.American iron casting, the Saugus pot, is poured there.

..  ..  17091709 Englishman Abraham Darby creates the first true foundry flask fEnglishman Abraham Darby creates the first true foundry flask for or 
sand and loam molding.sand and loam molding.

..  ..  17301730 Abraham Darby is the first to use coke as fuel in his melting Abraham Darby is the first to use coke as fuel in his melting 
furnace infurnace in CoalbrookdaleCoalbrookdale, England., England.

..  ..  17941794 First use of the cupola in iron founding. Invented by John WilkFirst use of the cupola in iron founding. Invented by John Wilkinson inson 
of England, the original had metalof England, the original had metal--cladding and utilized a steam cladding and utilized a steam 
engine to provide the air blast.engine to provide the air blast.

Metal Casting Metal Casting -- OriginsOrigins
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Summary Summary 
of Casting of Casting 
ProcessesProcesses

TABLE 11.1
Process Advantages Limitations
Sand Almost any metal cast; no limit 

to size, shape or weight; low 
tooling cost.

Some finishing required; 
somewhat coarse finish; wide 
tolerances.

Shell mold Good dimensional accuracy and 
surface finish; high production 
rate.

Part size limited; expensive 
patterns and equipment 
required.

Expendable pattern Most metals cast with no limit 
to size; complex shapes

Patterns have low strength and 
can be costly for low quantities

Plaster mold Intricate shapes; good 
dimensional accu- racy and 
finish; low porosity.

Limited to nonferrous metals; 
limited size and volume of 
production; mold making time 
relatively long.

Ceramic mold Intricate shapes; close 
tolerance parts; good surface 
finish.

Limited size.

Investment Intricate shapes; excellent 
surface finish and accuracy; 
almost any metal cast.

Part size limited; expensive 
patterns, molds, and labor.

Permanent mold Good surface finish and 
dimensional accuracy; low 
porosity; high production rate.

High mold cost; limited shape 
and intricacy; not suitable for 
high-melting-point metals.

Die Excellent dimensional accuracy 
and surface finish; high 
production rate.

Die cost is high; part size 
limited; usually limited to 
nonferrous metals; long lead 
time.

Centrifugal Large cylindrical parts with 
good quality; high production 
rate.

Equipment is expensive; part 
shape limited.
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General Characteristics of Casting General Characteristics of Casting 
ProcessesProcesses

TABLE 11.2

Typical Weig ht (kg)
Typical 
surface Section thic kness (mm)

Process
materials 

cast Minimum Maximum
    finish    

(µm, Ra) Porosity*
Shape 

complexity*
Dimensional 
accuracy* Minimum Maximum

Sand All 0.05 No limit 5-25 4 1-2 3 3 No limit
Shell All 0.05 100+ 1-3 4 2-3 2 2 --
Expendable 
mold 
pattern All 0.05 No limit 5-20 4 1 2 2 No limit

Plaster          
mold

    Nonferrous  
(Al, Mg, Zn, 

Cu) 0.05 50+ 1-2 3 1-2 2 1 --

Investment

           All      
(High melting 

pt.)   0.005 100+ 1-3 3 1 1 1 75
Permanent   
mold All 0.5 300 2-3 2-3 3-4 1 2 50

Die

    Nonferrous  
(Al, Mg, Zn, 

Cu) <0.05 50 1-2 1-2 3-4 1 0.5 12
Centrifugal All -- 5000+ 2-10 1-2 3-4 3 2 100
*Relative rating: 1 best, 5 worst.
Note :  These ratings are only general; significant variations can occur, depending on the methods used.
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DieDie--Casting ExamplesCasting Examples

(a) (b)

(a) The Polaroid PDC(a) The Polaroid PDC--2000 digital camera with a AZ91D die2000 digital camera with a AZ91D die--cast, high cast, high 
purity magnesium case.  (b) Twopurity magnesium case.  (b) Two--piece Polaroid camera case made by piece Polaroid camera case made by 
the hotthe hot--chamber die casting process.  chamber die casting process.  SourceSource: Courtesy of Polaroid : Courtesy of Polaroid 
Corporation and Chicago White Metal Casting, Inc.Corporation and Chicago White Metal Casting, Inc.
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Casting ExamplesCasting Examples

Typical Typical graygray--iron iron 
castings used in castings used in 
automobiles, automobiles, 
including transmission including transmission 
valve body (left) and valve body (left) and 
hub rotor with diskhub rotor with disk--
brake cylinder (front).brake cylinder (front).

SourceSource: Courtesy of : Courtesy of 
Central Foundry Central Foundry 
Division of General Division of General 
Motors Corporation.Motors Corporation.

A cast A cast 
transmission transmission 
housing.housing.
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• Analysis

• Defects

• Processes

• Economics

•• AnalysisAnalysis

•• DefectsDefects

•• ProcessesProcesses

•• EconomicsEconomics

Casting Casting –– What is Involved ?What is Involved ?
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Casting Analysis Casting Analysis ––
Fluid FlowFluid Flow
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Casting Steps Casting Steps -- MeltingMelting
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Casting StepsCasting Steps
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Sand Sand MoldMold FeaturesFeatures

Schematic illustration of a sand Schematic illustration of a sand moldmold, , 
showing various features.showing various features.
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•• Pouring basinPouring basin
•• where the molten metal enters the moldwhere the molten metal enters the mold

•• Gating system Gating system 
•• connects the pouring basin to the rest of the mold connects the pouring basin to the rest of the mold 

through through 
•• SprueSprue connects the pouring basin to the runnersconnects the pouring basin to the runners
•• Runners carry the molten metal to the moldRunners carry the molten metal to the mold

•• Risers Risers 
•• act as reservoirs to supply molten material as it act as reservoirs to supply molten material as it 

solidifies and shrinkssolidifies and shrinks

Practical Fluid FlowPractical Fluid Flow
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mould cavitymould cavity
molten metalmolten metal
escape of air /gasescape of air /gas
shrinkingshrinking
mould removalmould removal
finishingfinishing

Metal CastingMetal Casting

Major Factors Involved in Casting  Major Factors Involved in Casting  

22ME 4563  Intro to Manuf.    Dr. S. Haran

Metal CastingMetal Casting

So where is the problem ???So where is the problem ???

•• the flow of molten metal into a cavitythe flow of molten metal into a cavity

•• the solidification and cooling of the metal in the the solidification and cooling of the metal in the 
moldmold

•• the defects that can be formed in the cast partthe defects that can be formed in the cast part

•• the influence of the type of mold materialthe influence of the type of mold material

•• etc.etc.
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•• Factors affecting solidification characteristics Factors affecting solidification characteristics 
from the molten statefrom the molten state
•• Fluidity Fluidity --

•• Flow of molten material into the cavityFlow of molten material into the cavity

Casting Casting -- Molten MaterialMolten Material
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•• Fluidity: A measure of the capability of a metal to Fluidity: A measure of the capability of a metal to 
flow into and fill the mold before freezingflow into and fill the mold before freezing

•• Gives an idea of the distance the metal flows Gives an idea of the distance the metal flows 
before coolingbefore cooling

•• Provides a measure of viscosityProvides a measure of viscosity
•• Fluidity is dependent on:Fluidity is dependent on:

•• Characteristics of the molten metalCharacteristics of the molten metal
•• Casting parametersCasting parameters

FluidityFluidity
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•• Molten Metal Factors affecting fluidityMolten Metal Factors affecting fluidity
•• ViscosityViscosity
•• Pouring temperaturePouring temperature
•• Metal composition (pure metals Metal composition (pure metals –– good good 

fluidity; alloys fluidity; alloys –– not as good)not as good)
•• Surface tension (due to film formation; Surface tension (due to film formation; 

e.g., Al e.g., Al –– s.t. triples due to oxide film)s.t. triples due to oxide film)
•• Rate of solidificationRate of solidification

FluidityFluidity
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•• Casting Parameters affecting fluidityCasting Parameters affecting fluidity
•• Mold design Mold design –– dimensions of risers, dimensions of risers, spruesprue, etc., influence , etc., influence 

fluidityfluidity
•• Mold material and its surface Mold material and its surface –– thermal conductivity, thermal conductivity, 

roughnessroughness
•• Heating mold improves fluidityHeating mold improves fluidity

•• Rate of pouring (slow rate increases fluidity due to local Rate of pouring (slow rate increases fluidity due to local 
cooling) cooling) 

•• Heat transfer (affects viscosity and hence fluidity)Heat transfer (affects viscosity and hence fluidity)
•• Degree of superheat (is the temp above the melting Degree of superheat (is the temp above the melting 

point of the metal/alloy; increases fluidity by delaying point of the metal/alloy; increases fluidity by delaying 
solidification)solidification)

•• All the characteristics are All the characteristics are ““bundledbundled”” into one term into one term ––
called called CastabilityCastability

FluidityFluidity
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A test method for fluidity A test method for fluidity 
using a spiral mold.  using a spiral mold.  
The The fluidity indexfluidity index is the is the 
length of the solidified length of the solidified 
metal in the spiral metal in the spiral 
passage.  passage.  
The greater the length of The greater the length of 
the solidified metal, the the solidified metal, the 
greater is its fluidity.greater is its fluidity.

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

Fluidity TestFluidity Test
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Casting Steps Casting Steps –– Fluid FlowFluid Flow

•• ReynoldReynold’’ss numbernumber

•• BernoulliBernoulli’’s equations equation

•• ContinuityContinuity
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Casting Steps Casting Steps –– Fluid FlowFluid Flow

ReynoldReynold’’ss Number Number -- ReRe

Reynolds number for a flow through a pipe is Reynolds number for a flow through a pipe is 
proportional to  proportional to  

(inertial force) / (viscous force) (inertial force) / (viscous force) 
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Casting Steps Casting Steps –– Fluid FlowFluid Flow

CriticalCritical ReynoldReynold’’ss Number Number -- ReRe

•• Re < 2,000 Re < 2,000 –– laminar flow; always preferredlaminar flow; always preferred

•• Re ~ 2,000Re ~ 2,000

–– laminar to turbulent transitionlaminar to turbulent transition

–– eddies begin to formeddies begin to form

•• Re > 20,000Re > 20,000

–– very turbulentvery turbulent

•• Can cause air entrapment and dross (oxide) formation Can cause air entrapment and dross (oxide) formation ––
results in defects in castingsresults in defects in castings

•• Controlled through gate and runner designControlled through gate and runner design
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Casting Steps Casting Steps –– Fluid FlowFluid Flow

CriticalCritical ReynoldReynold’’ss Number Number -- ReRe

Photo shows dye stream transitioning from Photo shows dye stream transitioning from 
laminar flow to turbulent flow laminar flow to turbulent flow 
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Casting Steps Casting Steps –– Fluid FlowFluid Flow

ReynoldReynold’’ss Number Number –– An ExampleAn Example

How fast would a stream of honey 1 in. in diameter How fast would a stream of honey 1 in. in diameter 
need to be to be turbulent?need to be to be turbulent?

•• Density Density (ρ(ρ) = 1.43 g/cm 3 (at 20) = 1.43 g/cm 3 (at 20oo C)C)

•• Viscosity (Viscosity (µµ) = 189 poise (at 20.6) = 189 poise (at 20.6oo C)C)
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Casting Steps Casting Steps –– Fluid FlowFluid Flow

ReynoldReynold’’ss Number Number –– An ExampleAn Example

So, for turbulent flow transition,So, for turbulent flow transition,

Re = 2,000 = 1,430 * V * 0.0254/18.9Re = 2,000 = 1,430 * V * 0.0254/18.9

which gives:which gives:

V = 1,040 m/s (Mach 3.1)V = 1,040 m/s (Mach 3.1)

(This ignores shear thinning)(This ignores shear thinning)
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Flow Flow -- PouringPouring

•• Factors affecting Factors affecting ‘‘pouringpouring’’
•• Pouring temperature (vs. melting temp.)Pouring temperature (vs. melting temp.)
•• Pouring ratePouring rate

•• Too slow, metal freezesToo slow, metal freezes
•• Too high, turbulenceToo high, turbulence

•• TurbulenceTurbulence
•• Accelerate the formation of oxidesAccelerate the formation of oxides
•• Mold erosionMold erosion
•• Voids?Voids?



18

35ME 4563  Intro to Manuf.    Dr. S. Haran

• Where: 
‘h’ is the elevation above a reference plane
‘p’ is the pressure at that elevation
‘v’ is the velocity of the liquid at that elevation
‘ρ’ is the density of the liquid and 
‘g’ is the gravitational constant

• For zero velocity, pressure is proportional to height and density
• For a constant height, Velocity is proportional to the square root of 

pressure

h +  ----  +  ----  = constantp
ρg

v2

2g

Bernoulli's TheoremBernoulli's Theorem
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•• BernoulliBernoulli’’s theorem: at any two points in a s theorem: at any two points in a 
flowing liquidflowing liquid

•• h =  head, P = pressure, h =  head, P = pressure, ρ ρ =  density, v  =  flow velocity,  =  density, v  =  flow velocity,  
g = gravity, F =  frictional lossesg = gravity, F =  frictional losses

Pouring AnalysisPouring Analysis

•• points 1 and 2 lie on a streamlinepoints 1 and 2 lie on a streamline

•• the fluid has constant densitythe fluid has constant density

•• the flow is steady, and the flow is steady, and 

•• there is no frictionthere is no friction
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•• Assuming no frictional loss and same pressureAssuming no frictional loss and same pressure

•• Assuming point 2 is reference, and vAssuming point 2 is reference, and v1 1 = 0,= 0,

Pouring AnalysisPouring Analysis

g
vh

g
vh
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Pouring AnalysisPouring Analysis

•• Continuity lawContinuity law
•• Volumetric flow;Volumetric flow;

•• Mold fill time (MFT) = Time required to fill the Mold fill time (MFT) = Time required to fill the 
cavity of volume Vcavity of volume V

2211 AvAvQ ==

Q
VMFT =

•• For an incompressible liquid:For an incompressible liquid:
A.v = constant, the flow rateA.v = constant, the flow rate
where A is the crosswhere A is the cross--section area and v is the flow velocitysection area and v is the flow velocity
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Pouring AnalysisPouring Analysis

Consider an Example Consider an Example ……

0.25in = approx 6mm0.25in = approx 6mm
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Pouring AnalysisPouring Analysis

Consider an Example Consider an Example ……

•• You wish to pour the metal so that you do You wish to pour the metal so that you do 
not entrap airnot entrap air
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Pouring AnalysisPouring Analysis

•• We need to use:We need to use:

–– ReynoldReynold’’ss numbernumber

values below 20,000 are OK in castingvalues below 20,000 are OK in casting

–– BernoulliBernoulli’’s equations equation

–– ContinuityContinuity

Example Example ……
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Pouring AnalysisPouring Analysis

Material Material –– Iron Iron ……

Example Example ……
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Pouring AnalysisPouring Analysis
Example Example ……

•• Now we need to determine the velocity at the Now we need to determine the velocity at the 
bottom of the bottom of the sprue sprue (v(v11) using Bernoulli) using Bernoulli’’s equation.s equation.
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Pouring AnalysisPouring Analysis
Example Example ……
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Pouring AnalysisPouring Analysis
Example Example ……
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Pouring AnalysisPouring Analysis
Example Example ……



24

47ME 4563  Intro to Manuf.    Dr. S. Haran

Pouring AnalysisPouring Analysis

•• And solving gives:And solving gives:

ddgategate = 3.6 mm = 0.14 in.= 3.6 mm = 0.14 in.

(We were given that the (We were given that the spruesprue is 6mm in is 6mm in 
diameter diameter –– so this gate so this gate diadia seems reasonable)seems reasonable)
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Cast StructuresCast Structures

One of the parameters in judging the One of the parameters in judging the 
QualityQuality of a Casting is its grain structureof a Casting is its grain structure
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•• Slow cooling Slow cooling -- uniform compositionuniform composition
•• Normal cooling Normal cooling -- MicrosegregationMicrosegregation and Macro and Macro 

segregationsegregation
•• MicrosegregationMicrosegregation

•• Segregation of alloying elements within the grains or Segregation of alloying elements within the grains or 
dendritesdendrites

•• Dendrites are the columnar grains that typically grow from Dendrites are the columnar grains that typically grow from 
the mold surfacethe mold surface

•• Dendrite surface has higher concentration of alloying Dendrite surface has higher concentration of alloying 
elements than coreelements than core

•• MacrosegregationMacrosegregation
•• Segregation of alloying elements across the casting itselfSegregation of alloying elements across the casting itself

StructureStructure--Property RelationshipsProperty Relationships
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Cast StructuresCast Structures

Schematic illustration of three basic types of cast Schematic illustration of three basic types of cast 
structures: (a) columnar structures: (a) columnar dendriticdendritic; (b) ; (b) equiaxed equiaxed 
dendriticdendritic; and (c) ; and (c) equiaxed nondendriticequiaxed nondendritic. . 

SourceSource: D. : D. ApelianApelian..
From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall
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Cast StructuresCast Structures
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Cast StructuresCast Structures
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•• MacrosegregrationMacrosegregration
•• NormalNormal

•• Lower melting constituents driven away from the mold Lower melting constituents driven away from the mold 
wallwall

•• higher concentration at centerhigher concentration at center

•• InverseInverse
•• melt enters the cavities among the dendrites formed at melt enters the cavities among the dendrites formed at 

the surfacethe surface
•• GravityGravity

•• Heavy elements sink to the bottomHeavy elements sink to the bottom

•• MacrosegregationMacrosegregation gives rise to poor gives rise to poor 
microstructuresmicrostructures

•• Essentially, Essentially, MacrosegregationMacrosegregation is NOT GOODis NOT GOOD

StructureStructure--PropertyProperty
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•• Use Use 
•• Nucleation agentsNucleation agents
•• Create more grains by mechanical meansCreate more grains by mechanical means

•• RheocastingRheocasting -- stir the metal while it is in the mushy zonestir the metal while it is in the mushy zone
•• VibrationVibration
•• Electromagnetic stirringElectromagnetic stirring

Avoidance ofAvoidance of MacrosegregationMacrosegregation
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Cast Structures of MetalsCast Structures of Metals
Schematic illustration of Schematic illustration of 

three cast structures of three cast structures of 
metals solidified in a metals solidified in a 
square mold: square mold: 

(a)(a) pure metalspure metals

(b)(b) solidsolid--solution alloys; solution alloys; 
and and 

(c)(c) structure obtained by structure obtained by 
using nucleating using nucleating 
agents.  agents.  

SourceSource: G. W. Form, J. F. : G. W. Form, J. F. 
Wallace, J. L. Walker, Wallace, J. L. Walker, 
and A. and A. CibulaCibula..

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall
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Cast StructuresCast Structures

After the Casting ProcessAfter the Casting Process
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Influence of Grain Size on Microstructure Influence of Grain Size on Microstructure 

DECREASEDECREASE in in 
Grain size Grain size 
MicroporosityMicroporosity

LEADS toLEADS to
INCREASEINCREASE in in 

Strength and DuctilityStrength and Ductility
REDUCEDREDUCED

Cracking TendencyCracking Tendency

Kalpakjian p 269 

58ME 4563  Intro to Manuf.    Dr. S. Haran

•• Factors affecting solidification characteristics Factors affecting solidification characteristics 
from the molten statefrom the molten state
•• Fluidity Fluidity --

•• Flow of molten material into the cavityFlow of molten material into the cavity
•• Heat transferHeat transfer

•• During solidification and coolingDuring solidification and cooling

Casting Casting -- Molten MaterialMolten Material
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•• Very complex phenomenonVery complex phenomenon
•• All three mechanisms involvedAll three mechanisms involved

•• Very simple processVery simple process
•• A cold mold extracts heat from the melt causing it to solidifyA cold mold extracts heat from the melt causing it to solidify

•• Critical to the design of a moldCritical to the design of a mold
•• Can compute a relative Can compute a relative time for solidificationtime for solidification

Heat TransferHeat Transfer

•• is is proportionalproportional to the square of the ratio of the to the square of the ratio of the 
volume and surface areavolume and surface area
•• A sphere will have a much longer solidification time A sphere will have a much longer solidification time 

than a complex shape of the same volumethan a complex shape of the same volume
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Temperature DistributionTemperature Distribution

Temperature Temperature 
distribution at the distribution at the 
interface of the mold interface of the mold 
wall and the liquid wall and the liquid 
metal during metal during 
solidification of solidification of 
metals in casting.metals in casting.

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall
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Rate of cooling critical for the structure of the Rate of cooling critical for the structure of the 
material and hence its propertiesmaterial and hence its properties

Slow cooling (~10Slow cooling (~1022 ooK/sK/s) gives large grain sizes) gives large grain sizes
Fast cooling (~10Fast cooling (~1044 ooK/sK/s) gives small grain sizes) gives small grain sizes
Very fast cooling rates (>10Very fast cooling rates (>1066 ooK/s)produceK/s)produce amorphousamorphous
materials (no proper form)materials (no proper form)

Implications:Implications:--
Should design casting to be thin and not massiveShould design casting to be thin and not massive
Require "chills" to control cooling rateRequire "chills" to control cooling rate

Cooling Rate Cooling Rate –– how does it affect ?how does it affect ?
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•• Factors affecting solidification characteristics Factors affecting solidification characteristics 
from the molten statefrom the molten state
•• Fluidity Fluidity --

•• Flow of molten material into the cavityFlow of molten material into the cavity
•• Heat transferHeat transfer

•• During solidification and coolingDuring solidification and cooling
•• SolidificationSolidification

Casting Casting -- Molten MaterialMolten Material
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•• Microstructure of the product depends upon Microstructure of the product depends upon 
how the metal how the metal SolidifiesSolidifies

•• Following parameters may be affected:Following parameters may be affected:
•• Grain size (coarse, fine)Grain size (coarse, fine)
•• Grain distributionGrain distribution
•• Grain morphology (structure)Grain morphology (structure)
•• Grain boundariesGrain boundaries
•• Grain composition (metal or alloy)Grain composition (metal or alloy)
•• Porosity contentPorosity content

Importance of Solidification for MetalsImportance of Solidification for Metals
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•• Where the type of material becomes importantWhere the type of material becomes important
• Molten metal solidification events depend on the type 

of material
Pure metals
Alloy

•• PlasticsPlastics
•• Not as critical as for metalsNot as critical as for metals

•• SemiconductorsSemiconductors
•• Specialty crystal growingSpecialty crystal growing
•• Single crystal so no microstructuresSingle crystal so no microstructures

•• GlassGlass
•• No microstructureNo microstructure

How does Solidification Affect ?How does Solidification Affect ?
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•• Solidification occurs from the mold walls to the center Solidification occurs from the mold walls to the center 
in a plane frontin a plane front

•• Composition and cooling rates of the melt affect the Composition and cooling rates of the melt affect the 
size and shape of grains in the size and shape of grains in the solidifying alloy solidifying alloy 
•• This in turn affects the properties of the castingThis in turn affects the properties of the casting
•• Grains tend to be Grains tend to be equiaxedequiaxed and grow outward from the mold and grow outward from the mold 

wall in a columnar structure (no particular axis of orientation)wall in a columnar structure (no particular axis of orientation)
•• Solidification time is a function of the volume of the Solidification time is a function of the volume of the 

casting and its surface area casting and its surface area 
•• Nucleation agents can cause a more Nucleation agents can cause a more equiaxedequiaxed

structure (more uniform grains and size distribution)structure (more uniform grains and size distribution)

Solidification of Pure MetalsSolidification of Pure Metals
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Pouring Temp.

Total
Solidification

Time

Local
Solidification

Time

Liquid 
Cooling

Solid 
Cooling

Cooling Curve

Tm

time

Solidification (Pure Metals)Solidification (Pure Metals)

•• Solidification of pure metals Solidification of pure metals 
takes place at constant takes place at constant 
temperaturetemperature

•• Solidification of alloys take Solidification of alloys take 
place over a range of place over a range of 
temperaturestemperatures

•• Phase diagrams are important Phase diagrams are important 
tools for identifying the tools for identifying the 
solidification point or points solidification point or points 
–– especially for critical especially for critical 
metalsmetals
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Solidification of Alloys Solidification of Alloys 

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

•• Most Alloys freeze over a temperature range, not at a Most Alloys freeze over a temperature range, not at a 
single temperature.  Also is dependent on single temperature.  Also is dependent on 
•• Chemical compositional Chemical compositional gradiency gradiency within a single within a single 

graingrain
•• Chemical compositional Chemical compositional gradiency gradiency throughout the throughout the 

casting casting –– ingot segregationingot segregation
•• Eutectic Alloys Eutectic Alloys –– Solidification occurs at a single Solidification occurs at a single 

temperaturetemperature

Eutectic MixtureEutectic Mixture -- A solid solution consisting of two or more substances and havinA solid solution consisting of two or more substances and having g 
the lowest freezing point of any possible mixture of these compothe lowest freezing point of any possible mixture of these components. The nents. The 
minimum freezing point for a set of components is called the minimum freezing point for a set of components is called the eutectic pointeutectic point. Low. Low--
meltingmelting--point alloys are usually eutectic mixturespoint alloys are usually eutectic mixtures
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Alloy SolidificationAlloy Solidification

Schematic Schematic 
illustration of illustration of 
alloy alloy 
solidification solidification 
and and 
temperature temperature 
distribution in distribution in 
the solidifying the solidifying 
metal.  Note the metal.  Note the 
formation of formation of 
dendrites in the dendrites in the 
mushy zone.mushy zone.

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall
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•• Alloys with Alloys with liquidusliquidus and and solidussolidus temperatures have a temperatures have a 
physical physical ““mushy zonemushy zone””

•• ““Mushy zoneMushy zone”” -- solid particles and liquid cosolid particles and liquid co--existingexisting
•• Solid particles tend to be Solid particles tend to be dendriticdendritic (tree form) in (tree form) in 

nature and grow from the mold wallnature and grow from the mold wall
•• Microstructure highly dependent on cooling rateMicrostructure highly dependent on cooling rate
•• Freezing range (TFreezing range (TLL –– TTSS) is the difference between ) is the difference between 

the the liquidusliquidus and and solidussolidus temperaturestemperatures
•• Ferrous alloys tend to have small freezing rangesFerrous alloys tend to have small freezing ranges
•• Aluminum and magnesium alloys tend to have wide Aluminum and magnesium alloys tend to have wide 

freezing rangesfreezing ranges

Solidification of AlloysSolidification of Alloys
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CuCu--Ni Phase Diagram Ni Phase Diagram 
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Solidification TimeSolidification Time

Solidified skin on a steel Solidified skin on a steel 
casting.  The remaining casting.  The remaining 
molten metal is poured molten metal is poured 
out at the times out at the times 
indicated in the figure.  indicated in the figure.  
Hollow ornamental and Hollow ornamental and 
decorative objects are decorative objects are 
made by a process called made by a process called 
slush casting, which is slush casting, which is 
based on this principle.  based on this principle.  
SourceSource: H. F. Taylor, J. : H. F. Taylor, J. 
WulffWulff, and M. C. , and M. C. 
FlemingsFlemings..

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall
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From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

•• ChvorinovChvorinov’’ss Empirical relationship: Solidification time Empirical relationship: Solidification time 
as a function of the size and shapeas a function of the size and shape

V = volume           A = surface area        n = 2V = volume           A = surface area        n = 2
CCm m = experimentally determined value= experimentally determined value

•• Used to estimate cooling timeUsed to estimate cooling time

n

m A
VCTST ⎟

⎠
⎞

⎜
⎝
⎛=

Solidification TimeSolidification Time
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From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

•• Used in riser design: the solidification time of Used in riser design: the solidification time of 
the riser must be equal to the solidification the riser must be equal to the solidification 
time of the cast parttime of the cast part

•• Constant Constant ‘‘CCmm’’ is a function of the mold is a function of the mold 
material, cast material and heat transfer material, cast material and heat transfer 
coefficientscoefficients

Solidification TimeSolidification Time
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Heat TransferHeat Transfer
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Heat TransferHeat Transfer

Solidification timeSolidification time

•• AssumptionsAssumptions

–– no thermal resistance at moldno thermal resistance at mold--metal interfacemetal interface

–– no temperature gradients in metalno temperature gradients in metal

–– mold is semimold is semi--infinite medium with uniform infinite medium with uniform 
propertiesproperties
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Heat TransferHeat Transfer

Solidification timeSolidification time

•• kkmm = thermal conductivity of metal= thermal conductivity of metal
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Heat TransferHeat Transfer

Example Example ……
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Heat TransferHeat Transfer

Example Example ……
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Heat TransferHeat Transfer

Example Example ……

•• Solidification is a phase change that Solidification is a phase change that 
occurs at the melting pointoccurs at the melting point
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Heat TransferHeat Transfer

Example Example ……

•• the parameters:the parameters:
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Heat TransferHeat Transfer

Example Example ……
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Heat TransferHeat Transfer

Example Example ……
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Heat TransferHeat Transfer

Example Example ……
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Directional SolidificationDirectional Solidification

•• To minimize the damage during casting, the region To minimize the damage during casting, the region 
most distant from the liquid metal supply needs to most distant from the liquid metal supply needs to 
freeze first and the solidification needs to process freeze first and the solidification needs to process 
toward the riser.toward the riser.

•• Based on Based on ChvorinovChvorinov’’ss rule, the section with lower rule, the section with lower 
V/A (volumeV/A (volume--toto--area) ratio should freeze first.area) ratio should freeze first.

•• Use Use ‘‘ChillsChills’’: Internal and External chills which : Internal and External chills which 
encourage rapid cooling. encourage rapid cooling. 
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Internal and External ChillsInternal and External Chills

Chills are used to Chills are used to 
increase rate of increase rate of 
solidification. solidification. 
Various types of Various types of 
(a) internal and (a) internal and 
(b) external chills (b) external chills 
(dark areas at (dark areas at 
corners), used in corners), used in 
castings to castings to 
eliminate porosity eliminate porosity 
caused by caused by 
shrinkage.  Chills shrinkage.  Chills 
are placed in are placed in 
regions where regions where 
there is a larger there is a larger 
volume of metals, volume of metals, 
as shown in (c).as shown in (c).

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall
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Solidification PatternsSolidification Patterns
(a) Solidification patterns for gray cast iron in a 180(a) Solidification patterns for gray cast iron in a 180--mm (7mm (7--in.) square casting.  in.) square casting.  
Note that after 11 min. of cooling, dendrites reach each other, Note that after 11 min. of cooling, dendrites reach each other, but the casting is but the casting is 
still mushy throughout.  It takes about two hours for this castistill mushy throughout.  It takes about two hours for this casting to solidify ng to solidify 
completely.  (b) Solidification of carbon steels in sand and chicompletely.  (b) Solidification of carbon steels in sand and chill (metal) molds.  ll (metal) molds.  
Note the difference in solidification patterns as the carbon conNote the difference in solidification patterns as the carbon content increases.  tent increases.  
SourceSource: H. F. Bishop and W. S. : H. F. Bishop and W. S. PelliniPellini..

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall
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Casting –
Defects and Design Issues

Casting Casting ––
Defects and Design IssuesDefects and Design Issues
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Solidification Effects Solidification Effects -- Defects Defects 

•• Defects caused by Defects caused by 
•• materialsmaterials
•• part designpart design
•• processing techniquesprocessing techniques

•• No simple answersNo simple answers
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•• ProjectionsProjections
•• fins, flash, swells (massive), rough surfacesfins, flash, swells (massive), rough surfaces

•• CavitiesCavities
•• internal, exposed, blowholes, pinholesinternal, exposed, blowholes, pinholes

•• DiscontinuitiesDiscontinuities
•• cracks, cold and hot tearing, cold shutscracks, cold and hot tearing, cold shuts

•• Defective surfaceDefective surface
•• folds, laps, scars, adhering sand, oxide scalefolds, laps, scars, adhering sand, oxide scale

•• Incomplete castsIncomplete casts
•• insufficient metal, leaky moldsinsufficient metal, leaky molds

•• Incorrect dimensions or shapeIncorrect dimensions or shape
•• improper shrinkage allowance, warping, etcimproper shrinkage allowance, warping, etc

Major Categories of DefectsMajor Categories of Defects
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•• ShrinkageShrinkage

•• PorosityPorosity

•• PipingPiping

•• MicrostructureMicrostructure

Major Issues in CastingMajor Issues in Casting
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Solidification Effects Solidification Effects -- Shrinkage Shrinkage 

•• The metal shrinks as it cools The metal shrinks as it cools 
•• in the melt in the melt 
•• as it solidifies as a solid (largest)as it solidifies as a solid (largest)

Kalpakjian p 279 

A lu m in u m 6.6%
C arb o n  S te e l 2 .5 -3 %
C o p p er 4 .9%
G ray  iro n -2 .55

Volume Solid Contraction of some 
metals:
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Major Issues in CastingMajor Issues in Casting

•• Can amount to 5Can amount to 5--10% by volume10% by volume

•• Grey cast iron expands upon Grey cast iron expands upon 
solidification due to phase changessolidification due to phase changes

•• Need to design part and mold to take Need to design part and mold to take 
this amount into considerationthis amount into consideration

ShrinkageShrinkage
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Impact of Shrinkage on Mold Design Impact of Shrinkage on Mold Design 

•• Dimensions of moldDimensions of mold
•• Molds must be constructed to be larger than Molds must be constructed to be larger than 

the final product because the metal shrinks the final product because the metal shrinks 
as it coolsas it cools
•• Patternmakers rulerPatternmakers ruler

•• WarpageWarpage due to differential shrinkagedue to differential shrinkage
•• Defects due to induced stressesDefects due to induced stresses
•• PorosityPorosity
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Major Issues in CastingMajor Issues in Casting

ShrinkageShrinkage
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Major Issues in CastingMajor Issues in Casting
Casting DefectsCasting Defects
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Major Issues in CastingMajor Issues in Casting

Casting Defects Casting Defects –– Hot TearsHot Tears
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•• A special kind of cavityA special kind of cavity
•• Caused by shrinkage or gasesCaused by shrinkage or gases
•• Detrimental to Detrimental to 

•• the ductility of the metalthe ductility of the metal
•• the surface finish the surface finish 
•• pressure integrity of the partpressure integrity of the part
•• Etc.Etc.

Casting Defects Casting Defects –– PorosityPorosity

Major Issues in CastingMajor Issues in Casting
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Casting Defects Casting Defects –– PorosityPorosity

•• Basically bubbles / voidsBasically bubbles / voids

–– can lead to crackingcan lead to cracking

•• Not a problem for ingotsNot a problem for ingots

–– parts that will be deformation processedparts that will be deformation processed

–– as long as it is not exposed to air (corrosion)as long as it is not exposed to air (corrosion)

–– can be healedcan be healed

•• TypesTypes

–– due to gasesdue to gases

–– due to shrinkagedue to shrinkage

Major Issues in CastingMajor Issues in Casting
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Casting Defects Casting Defects –– PorosityPorosity

Major Issues in CastingMajor Issues in Casting
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•• Liquid metals have greater solubility for gases than Liquid metals have greater solubility for gases than 
solid metalssolid metals

•• Any gas in the melt appears as spherical cavitiesAny gas in the melt appears as spherical cavities
•• Melt treatment must include various Melt treatment must include various degassificationdegassification

processesprocesses
•• Can also have gases arising from reactions (melt Can also have gases arising from reactions (melt --

mold)mold)

Casting Defects Casting Defects –– Porosity due to GasesPorosity due to Gases

Major Issues in CastingMajor Issues in Casting
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Casting Defects Casting Defects –– Porosity due to GasesPorosity due to Gases

•• Smooth bubblesSmooth bubbles

–– result from entrapped gasesresult from entrapped gases

–– solubility of liquid is high, solid is low, so gas solubility of liquid is high, solid is low, so gas 
is rejected during coolingis rejected during cooling

•• SievertSievert’’ss law    law    ---- S = S = kpkpgg
0.50.5

–– S = solubilityS = solubility

–– k = constantk = constant

–– ppgg = partial pressure of gas over melt= partial pressure of gas over melt

Major Issues in CastingMajor Issues in Casting
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•• Control atmosphere Control atmosphere -- vacuumvacuum

•• Proper venting to let gases outProper venting to let gases out

•• Add metallic elements to react with gasesAdd metallic elements to react with gases

–– killed steels killed steels -- highly deoxidized (Al,highly deoxidized (Al, SiSi))

.. high shrinkage due to gas removal .. high shrinkage due to gas removal -- pipingpiping

–– semisemi--killed steels killed steels -- less deoxidized less deoxidized 

.. less piping, porosity.. less piping, porosity

–– rimmed steels rimmed steels -- little deoxidizationlittle deoxidization

.. blow holes in ring at rim (sometimes breakthrough).. blow holes in ring at rim (sometimes breakthrough)

.. little piping because gas doesn.. little piping because gas doesn’’t escapet escape

Remedies for Gas BubblesRemedies for Gas Bubbles

Major Issues in CastingMajor Issues in Casting
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•• Caused by differential coolingCaused by differential cooling
•• Thin sections cool faster than thick sections leading Thin sections cool faster than thick sections leading 

to too little material in the thick sectionsto too little material in the thick sections
•• When the thick sections begin to solidify, porosity When the thick sections begin to solidify, porosity 

developsdevelops
•• Mold designers avoid this by the use of chills and Mold designers avoid this by the use of chills and 

proper flow channels and riser placementproper flow channels and riser placement

Casting Defects Casting Defects –– Porosity due to ShrinkagePorosity due to Shrinkage

Major Issues in CastingMajor Issues in Casting
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Major Issues in CastingMajor Issues in Casting
Casting Defects Casting Defects –– Porosity due to ShrinkagePorosity due to Shrinkage

•• Rough bubbles Rough bubbles -- voidsvoids

•• StagesStages

–– cooling liquidcooling liquid

–– rejects latent heat at melting pointrejects latent heat at melting point

•• alloys become slushy alloys become slushy -- liquid and solid coliquid and solid co--existexist

–– cooling solidcooling solid
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Major Issues in CastingMajor Issues in Casting
Casting Defects Casting Defects –– Differential CoolingDifferential Cooling

•• Transition between thicker and thinner sections Transition between thicker and thinner sections 
can lead to porositycan lead to porosity
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Major Issues in CastingMajor Issues in Casting

Porosity/Shrinkage SolutionsPorosity/Shrinkage Solutions
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Major Issues in CastingMajor Issues in Casting

Porosity/Shrinkage SolutionsPorosity/Shrinkage Solutions
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Major Issues in CastingMajor Issues in Casting
ChillsChills
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Major Issues in CastingMajor Issues in Casting
Pipe DefectPipe Defect
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Design Rules SummaryDesign Rules Summary
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Sand Casting Rules
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Very complexVery complex
EmpiricalEmpirical
Best left to experts !!!Best left to experts !!!

Impact of all these factors on mold designImpact of all these factors on mold design



57

113ME 4563  Intro to Manuf.    Dr. S. Haran

Casting Fundamentals for Molten Material Casting Fundamentals for Molten Material 

Factors affecting solidification characteristics Factors affecting solidification characteristics 
from the molten statefrom the molten state

FluidityFluidity
Flow of molten material into the cavityFlow of molten material into the cavity

Heat transfer effectsHeat transfer effects
During solidification and coolingDuring solidification and cooling

Solidification effectsSolidification effects
The type of mold materialThe type of mold material
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Influence of the Mold Material Influence of the Mold Material 

Mold material impacts:Mold material impacts:
The heat transfer rateThe heat transfer rate
The surface finishThe surface finish
The number and hence grain size of the The number and hence grain size of the 
microstructuremicrostructure

Selection of the mold material is strongly Selection of the mold material is strongly 
influenced by the processinfluenced by the process
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Casting EconomicsCasting EconomicsCasting Economics
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Economics ExampleEconomics Example

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall
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Economics ExampleEconomics Example

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

RequirementsRequirements
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Economics ExampleEconomics Example

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

Alternatives AvailableAlternatives Available
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Economics ExampleEconomics Example

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

Cost EquationCost Equation
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Economics ExampleEconomics Example

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

Process CostsProcess Costs
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Process EconomicsProcess Economics

From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall
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From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

Process EconomicsProcess Economics
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From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

Process EconomicsProcess Economics
Process SelectionProcess Selection
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From:  Manufacturing Engineering & Technology – Kalpakjian and Schmid, 4th

Ed., 2001, Prentice-Hall

Production of Al Auto PartsProduction of Al Auto Parts


