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Unit 1

Casting Advantages and Applications

@ Introduction

Metal Casting is unique among metal forming processes for a variety of rea-
sons. Perhaps the most obvious is the array of molding and casting processes available that
are capable of producing complex components in any metal, ranging in weight from less
than an ounce to single parts weighing several hundred tons. Foundry processes are availa-
ble and in use that are economically viable for producing a single prototype part, while
others achieve their economies in creating millions of the same part. Virtually any metal
that can be melted can and is being cast. This article will examine the advantages of the
metal casting process, the major applications of cast components, and the technical and
market trends that are shaping the foundry industry and the products it produces.

It is estimated that castings are used in 90% or more of all manufactured goods and in
all capital goods machinery used in manufacturing. The diversity in the end use of metal
castings is a direct result of the many functional advantages and economic benefits that
castings offer compared to other metal forming methods. The beneficial characteristics of
a cast component are directly attributable to the inherent versatility of the casting process.

@ Functional Advantages

Beyond the rapidly emerging technologies that are keeping metal casting in the fore-
front in the metal forming industry, castings possess many inherent advantages that have
long been accepted by the design engineer and metal parts user. In terms of component de-
sign, casting offers the greatest amount of flexibility of any metal forming process. The
casting process is ideal because it permits the formation of streamlined, intricate, integral
parts of strength and rigidity obtainable by no other method of fabrication. The shape and
size of the part are primary considerations in design, and in this category, the possibilities
of metal castings are unsurpassed. The flexibility of cast metal design gives the engineer
wide scope in converting his ideas into an engineered part.

The following list of functional advantages of castings and the metal casting process
illustrate why castings have been and continue to be the choice of design engineers and ma-
terials specifiers.

Rapid Transition to Finished Product. The casting process involves pouring molten met-
al into a cavity that is close to the final dimensions of the finished component; therefore,
it is the most direct and simplest metal forming method available.

Suiting Shape and Size to Function. Metal castings weighing from less than an ounce to
hundreds of tons, in almost any shape or degree of complexity, can be produced. If a pat-
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tern can be made for the part, it can be cast.

Placement of Metal for Maximum Effectiveness. With the casting process, the optimum
amount of metal can be placed in the best location for maximum strength, wear resist-
ance, or the enhancement of other properties of the finished part. This, together with the
ability to core out unstressed sections, can result in appreciable weight savings.

Optimal Appearance. Because shape is not restricted to the assembly of preformed
pieces, as in welding processes, or governed by the limitations of forging or stamping, the
casting process encourages the development of attractive, more readily marketable de-
signs. The smooth, graduated contours and streamlining that are essential to good design
appearance usually coincide with the conditions for easiest molten metal flow during cast-
ing. They also prevent stress concentrations upon solidification and minimized residual
stress in the final casting.

Complex Parts as an Integral Unit. The inherent design freedom of metal casting allows
the designer to combine what would otherwise be several parts of a fabrication into a sin-
gle, intricate casting. This is significant when exact alignment must be held, as in high-
speed machinery, machine tool parts, or engine end plates and housings that carry shafts.

Improved Dependability. The use of good casting design principles, together with peri-
odic determination of mechanical properties of test bars cast from the molten metal, en-
sures a high degree of reproducibility and dependability in metal castings that is not as
practical with other production methods. The functional advantages that metal castings of-
fer and that are required by the designer must be balanced with the economic benefits that
the customer demands. The growth of metal casting and its current stability are largely the
result of the ability of the foundry industry to maintain this balancing act. The design and
production advantages described above bring with them a variety of cost savings that other
metal working processes cannot offer. These savings stem from four areas:

« The capability to combine a number of individual parts into a single integral cast-
ing, reducing overall fabrication costs.

« The design freedom of casting minimizes machining costs and excess metal.

« Patterns used in casting lower in cost compared to other types of tooling.

« Castings require a comparatively short lead time for production.

For these and because it remains the most direct way to produce a required metal
shape, metal casting will continue to be a vitally important metal forming technology. The
diversity in end use in castings is also evidence of the flexibility and versatility of the metal
casting process. Major casting end uses and market trends are discussed below.

@ Casting Market Trends and End Uses

The use of metal castings is pervasive throughout the economies of all developed coun-
tries, both as components in finished manufactured goods and as finished durable
goods. As indicated earlier, castings are used in 90% of all manufactured goods and in all
capital goods machinery used in manufacturing. They are also extensively used in transpor-
tation, building construction, municipal water and sewer systems, oil and gas pipelines,
and a wide variety of other applications.

Industry Structure. In the broadest sense, foundries are categorized into two general
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groups: ferrous foundries (those that produce the various alloys of cast iron and cast steel)
and nonferrous foundries (those that produce aluminum-base, copper-base, zinc-base,
magnesium, and other nonferrous castings) .

Ferrous castings shipments are usually classified by market category. For example,
iron castings are generally categorized as engineered (designed for specific, differentiated
customers) and non-engineered (produced in large volumes of interchangeable units, usu-
ally consisting of ingot molds, pressure and soil pipe) .

The diversity among the various foundries makes it difficult to determine the exact
structure of the industry. For example, it is not unusual for a single operating foundry to
produce a variety of metals and alloys, both ferrous and nonferrous, in the same
plant. Some also use a variety of processes in their operations. Many aluminum foundries,
for instance, use both sand and permanent mold processes, and some event produce die
castings in the same facility.

Casting End Uses. Metal castings have a great variety of end uses and are therefore
largely taken for granted by the consuming public. Castings are often the hidden compo-
nents of the machines and other equipment used on a daily basis, such as automobiles,
lawn mowers, refrigerators, stoves, typewriters, and computers. Only in rare cases does a
consumer make a conscious decision to buy a cast product unless it is readily identifiable,
as in the case of cast iron or aluminum cookware, cast iron bathtubs, or ornamental prod-
ucts such as cast bronze sculptures.

Designers of industrial equipment and machinery, on the other hand, have long rec-
ognized the performance qualities of castings and regularly specify their use. These func-
tional and economic advantages were described earlier. The major markets for cast prod-
ucts are listed in Table 1-1.

Ranked in order of tonnage shipped. In some cases, the total of “Other major mar-
kets” is larger as a whole than the individual markets listed.

Table 1-1 Major markets for metal castings

Ingot molds; Motor vehicles; Farm equipment; Engines; Construction machinery; Valves;

Soil pipe; Pumps and compressors; Pressure pipe; Other major markets include machine tools,

Gray iron . o X ’ i 4
mechanical power transmission equipment, hardware, home appliances, and mining machiner-
y, oil and natural gas pumping and processing equipment
Motor vehicles; Valves and fittings; Construction machinery; Railroad equipment; Engines;
Malleable iron Mining equipment; Hardware; Other major markets include heating and refrigeration, motors

and generators, fasteners, ordnance, chains, machine tools, general industrial machinery

Pressure pipe; Motor vehicles; Farm machinery; Engines; Pumps and compressors; Valves
Dnciile § and fittings; Metalworking machinery; Other major markets include textile machinery, wood
uctile iron
working and paper machinery, mechanical power and transmission equipment, motors and gen-

erators, refrigeration and heating equipment, air conditioning

Railroad equipment; Construction equipment; Mining machinery; Valves and fittings; Gen-
eral and special industrial machinery
Steel Motor vehicles; Metalworking machinery; Other major markets include steel manufactur-

ing, spring goods, industrial material handling equipment, ships and boats, aircraft and aero-

space




Part [
006 Casting

Aluminum

Auto and light truck; Aircraft and acrospace; Other transportation; Engines; Household ap-
pliances; Office machinery; Power tools; Refrigeration; Other major markets include machine
tools, construction equipment, mining equipment, farm machinery, electronic and communica-

tion equipment, power systems, motors and generators

Magnesium

Power tools; Sporting goods; Anodes; Automotive; Other major markets include office ma-

chinery, health care, aircraft and aerospace

Copper-base

Valves and fittings; Plumbing brass goods; Electrical equipment; Pumps and compressors;
Power transmission equipment; General machinery; Transportation equipment; Other major
markets include chemical processing, utilities, desalination, petroleum refining

Zinc

Automotive; Building hardware; Electrical components; Machinery; Household appliances;
Other major markets include scientific instruments, radio and television equipment, audio com-

ponents, toys, sporting goods

@ Vocabulary
molding n. ##; $4&; KHAGHK stamping v. ¥ & n. #E, FEFHR

casting n. #%&; %44 v. 4 fabrication n. %1%, #&; Efe; &YW
foundry n. 4, % %; 4% weldment n. 4 B a4 FEER
prototype n. BRAE; A, EE ferrous adj. L2 ; £k, G4kt
streamline vt. 42 L; ERALKR nonferrous adj. dE4k89; RE4kH
n. R&; ALKR adj. AERH aluminum n. 42
pouring v. #i#%5; #F (pour & ing H X)) | copper n. 4A; 4AF adj. 4A8 vt. &
n. Rix 4R T
cavity n. fE; R, Wi zinc  vt. §EEE T oo BHE T n. B
finished adj. T4, THRE; K56 magnesium n. 4
pattern n. #X; BE; #H#4a vi. #45; | shipment n. EH%; EHRAGTEH
VA E R B BE ingot n. &; 4%
unstressed adj. £ B A bronze n. H4A; HRE K adj. FRE
preform  vi. LM n. AAw TH R o FRAMNG v BEAT
forging n. 4&¥; &4 v. 4 residual stress X4 & A

@ Questions

1. Please explain the advantages of the metal casting process.
2. Please talk about the applications of metal casting.
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Nucleation Kinetics

Nucleation Processes play a key role in the solidification of castings by controlling to a
large extent the initial structure type, size scale, and spatial distribution of the product
phases. During many solidification processes, the size scale of critical nucleation events is
too small and the rate of their occurrence too rapid for accurate observation by direct
methods. Nonetheless, nucleation effects in the solidification microstructure exert a strong
influence on the grain size and morphology as well as the compositional homogeneity. The
final microstructure is also modified by the crystal growth, fluid flow, and structural
coarsening processes that are important in the later stages of ingot freezing.

@ Nucleation Phenomena

Nucleation during solidification is a thermally activated process involving a fluctua-
tional growth in the sizes of clusters of solids. Changes in cluster size are considered to oc-
cur by a single atom addition or by removal exchange between the cluster and the sur-
rounding undercooled liquid. At small cluster sizes, the energetics of cluster formation re-
veal that the interfacial energy is dominant, as can be observed by noting that the ratio of
surface area to volume of a sphere is /3. For the smallest sizes, clusters are called embry-
os; these are more likely to dissolve than grow to macroscopic crystals. In fact, the excess
interfacial energy due to the curvature of small clusters is the main contribution to the acti-
vation barrier for solid nucleation. This accounts for the kinetic resistance of liquids to
crystallization and is manifested in the frequent observation of undercooling effects during
solidification.

@ Homogeneous Nucleation

The principal features of nucleation phenomena and the kinetics of the rate process
during solidification can be illustrated in the simplest terms by using the capillarity model
to evaluate the kinetic factors. With this approach, it is useful to examine first the case of
homogeneous nucleation in which solid formation occurs without the involvement of any
extraneous impurity atoms or other surface sites in contact with the melt. As a further sim-
plification, only the case of isotropic interfacial energy is treated, but it should be recog-
nized that anisotropic behavior can yield faceted cluster shapes. The energetics of cluster
formation for a spherical geometry can be expressed in terms of a surface and a volume

contribution as:
AG(r)=47cr2<:+%1rr3AGv a-o

where AG (r) is the free energy change to form a cluster of size r and AG, = AH{AT/
Tt Vm. The relationship in Eq (1-1) is characterized in Fig. 1-1, in which the activation
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barrier for nucleation, AG. , is reached at a critical size r., (thatis, dAG(r)/dr =0), as

given by:
20 26TtV
= —=0- 1 B 1-2
Fe = 2G, AH{AT Tatd
2

3AG2 ™ 3AHIAT?

At increasing values of undercooling, r is reduced (rcAT 1) and G, is reduced
more rapidly (AGccAT ~2) . A cluster is often considered to reach the stage of a nucleus
capable of continued growth with a decreasing free energy when the size r is achieved,
but in fact stable nucleus growth ensues when the cluster size exceeds ., by an amount cor-
responding to (AG - kT) in Fig. 1-1. The relationship between cluster size and the number

of atoms in a cluster, n., is expressed by (ne Vi) = %nr?,/S (ne Va), where V, is the

atomic volume.

4Anrio
;
II |

= Embryos —<—st«—— Nuclei
[T . H
< 7]
W s H
@« 7 1
2 7 1
b=} ’
£ P ;
s P !
g ! H Cluster
% T -0 -2 30 radius,r
g AG, s AG, AG,
g \
L
=] \
g \
=
o
g :
5 4n3AG,/3
8
159

Fig. 1-1 Free energy change for cluster formation as a function of cluster size

@ Heterogeneous Nucleation

Homogeneous nucleation is the most difficult kinetic path to crystal formation because
of the relatively large activation barrier for nucleus development (AG.) . To overcome
this barrier, classical theory predicts that large undercooling values are required, but in
practice an undercooling of only a few degrees or less is the common observation with most
castings. This behavior is accounted for by the operation of heterogeneous nucleation in
which foreign bodies such as impurity inclusions, oxide films, or crucible walls act to pro-
mote crystallization by lowering AG.,. Because only a single nucleation event is required
for the freezing of a liquid volume, the likelihood of finding a heterogeneous nucleation
site in contact with a bulk liquid is great. Indeed, it has been estimated that even in a sam-
ple of high-purity liquid metal there is a nucleant particle concentration of the order of
about 1012m 3. Only by using special sample preparation methods to isolate the melt from
internal and external nucleation sites by subdivision into a fine droplet dispersion has it
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been possible to achieve undercoolings in the range of 0.3 to 0. 4T}.

The action of heterogeneous nucleation in promoting crystallization can be visualized
in terms of the nucleus volume that is substituted by the existing nucleant, as illustrated
schematically in Fig. 1-2. For a nucleus that wets a heterogeneous nucleation site with a
contact angle ¢, the degree of wetting can be assessed in terms of cosf = (onL — gns)/oLs»
where the interfacial energies are defined in Fig. 1-2. As § approaches 0, complete wetting
develops; as @ approaches 180", there is no wetting between the nucleus and the nucleant
(which is inert) , and the conditions approach homogeneous nucleation.

Fig. 1-2 The interfacial energy, o, relationships among a planar nucleant
substrate (n), a spherical sector solid (S), and the liquid (L)

The energetics of heterogeneous nucleation can be described by a modification of Eq
(1-1) to account for the different interfaces and the modified cluster volume involved in
nucleus formation. In terms of the cluster formation shown in Fig. 1-2, the free energy
change during heterogeneous nucleation is expressed by:

AG(r)net = VscAGy + AsLosL + Aasons — AnLonL 1-4)
where Vi is the spherical cap volume and Asy., Ans, and A, , are the solid-liquid, nucle-
ant-solid, and nucleant-liquid interfacial areas, respectively. When the volume and rele-
vant interfacial areas are expressed in terms of the geometry of Fig. 1-2, the evaluation of
AG, for heterogeneous nucleation yields:

1670t s [2 — 3cosf + cos®f
dns 4
The comparison between heterogeneous and homogeneous nucleation kinetics is illus-

AG ¢ (het) = }=AGC,(hom)[f(0)] (1-5)

trated in Fig. 1-3 by a schematic time-temperature transformation diagram. Although only
a single transformation curve (that is, C-curve) is shown in Fig. 1-3 for heterogeneous nu-
cleation, in reality there will be as many curves as the number of heterogeneous nucleation
sites. Each curve for heterogeneous nucleation will be distinguished by a catalytic potency,
that is, f(#) and a site density. To attain homogeneous nucleation conditions, it is clear
that all heterogeneous nucleation sites must be removed or bypassed kinetically.
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Fig. 1-3 Comparison between heterogeneous nucleation (A)

and homogeneous nucleation (B) in terms of the relative

transformation kinetics below the melting point

@ Vocabulary

nucleation n. RAEIAL; RE
solidification n. & E; HA%; K%
undercooling n. it #4; &4 ¥
vt ffeeeee T B A
supercooling n. it#A v, fEit A
fluctuational n. &4k, %3
crystallization n. £ #4t; B4kik
anisotropic adj. & @R Hey; EHREG
homogeneous adj. 3 4 #; F Ké5; R
A &

@ Questions

n. %, #%v; BRTHE

heterogeneous adj. % A8%9; F A d#; R
¥He; ARR RS H R

oxide n. &it¥H

adj. 7 mA%

AL %,

nucleus

nucleant
transformation n.
L&
catalytic adj. ¥R 56 ; RAELIER G
n. HEAK; REEE

;

1. Please tell the principal features of nucleation phenomena.

2. Please tell the difference between heterogeneous and homogeneous nucleation.
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Unit 3

Basic Concepts in Crystal Growth
and Solidification

Crystal Growth and Solidification in metal castings is largely a function of atomic mob-
ility. Thermal and kinetic factors must be considered when determining whether crystal
growth will be inhibited or accelerated. Whether spherical or needle-like in configuration,
the metal particles behave differently depending on their location within the composition:
in the liquid, at the liquid/solid interface, or in the solid.

@ Liquid and Solid State

Atomic Mobility. The solidification of metals results in an enormous and abrupt de-
crease in atomic mobility. The dynamic viscosity » of pure liquid metals near their melting
temperature Tt is comparable to that of water at room temperature, that is, of the order
of 1073 Pa + s (10 2 P), as shown in both Table 1-2. On the other hand, the following ob-
servations can be made:

« In the solid state, metals and alloys have a high tensile strength.

+ Pure metals resist stresses of the order of 104Pa (1. 5psi) near the melting point.

« The decrease in ductility of commercial alloys several hundred degrees below the
solidus temperature is due to the presence of liquid films in the segregated zones.

Table 1-2 Physical properties of pure metals relevant to solidification

Property Iron (8) Copper Aluminum

Dynamic viscosity 7 of liquid at T(/10 *Pa s 5.03 3.05 1,235
Melting point, T¢/K 1809 1356 933
Enthalpy of fusion per mole/(J/mol) 13. 807 13. 263 10. 711
Enthalpy of fusion per volume/(10°J/m?) 1.93 1.62 0.95
Heat capacity Cp of liquid at T¢/[10°)J/(K » m*) ] 5.74 3.96 2.58
Heat capacity Cp of solid at T¢/[10°]/(K « m®) ] 5.73 3.63 330
Thermal conductivity of liquid K at T¢/[W/(m « K) ] 35 166 95
Thermal conductivity of solid Ks at T¢/[W/(m « K) ] 33 244 210
Thermal diffusivity of liquid o at T¢/(10 ®m?/s ) 6.1 42 37

Heat release. during solidification is large—approximately 270MJ/tonne for steel. The
higher the melting point of the metal, the larger the latent heat of fusion (Table 1-2) .
Therefore, solidification processing is initially a matter of extracting large quantities of
heat quickly.

Solidification Shrinkage. Most metals shrink when they solidify. Solidification shrink-



