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584 Chapter 15

large numbers of castings; some seldom use any.
Present-day welding technology allows this
choice. Complicated parts can be made as weld-
ments or castings. Economics should be the fac-
tor that determines the choice between a casting
or a fabrication. Sometimes a quantity of one is
sufficient volume to justify the hardware re-
quired to go the casting route. Thus every de-
signer should consider the use of castings every
time it looks like a part may require extensive
shaping by machining or when a cast alloy may
offer some property advantages over wrought
alloys. .

It is the purpose of this chapter to familiar-
ize the designer with the most commonly used
casting processes and ferrous casting alloys. The
objective is to provide enough information so
that the designer can make an intelligent deci-
sion on casting technique and alloy if ‘he or she
decides to choose casting. The format will be to
discuss casting processes and design techniques,
and then to focus on the most important casting
systems: cast irons and steels. Obviously, nonfer-
rous castings such as aluminum and copper are
also important, but these will be discussed in
subsequent chapters. The casting process and
design information will still apply. This chapter
will conclude with a discussion of powder metal-
lurgy, which competes with casting as a fabrica-
ion process for small parts.

I5.1 Casting Processes
\ casting is simply a shape achieved by allowing
: liquid to solidify in a mold. The casting takes
he shape of the mold. Many techniques are
sed to melt metals to make castings. Cast irons
re often melted in a cupola, as shown in Figure
—1. Other melting techniques include electric-
re, induction, open-hearth, and reverberatory
irnaces; almost any technique may be used to
181t 4 mctal for casfing. Castings can be made in
ind molds, metal molds, graphite molds. and
laster molds, by pouri ng, low-pressure injection,

Spark a
11
i
|____ Refractory.
steel shell
Charging |"
door x
Alternating
of coke, scrg
pig iron
Air Molten i
supply —=
Slag tap e

Figure 15-1
Cupola used to meilt cast iron

high-pressure injection, spinning, and so on. Ch
casting process can affect a part design, [}
alloy, the soundness, and even the surface f ]
This is why the designer should have a b
knowledge of how each casting process woi
Without going into unnecessary detail, the
commonly used casting processes are sho
Figure 15-2. ‘

It is usually the responsibility of the d
engineer to select a casting process. A complel
casting drawing will show the process and allg
designation, as well as pertinent postcastin,
treatments. Each process has advantages a
disadvantages. Some factors to consider incevg
uating a casting process are 1 bri

1. Tolerance
2. Surface finish
3. Size limitations

e st Iron, Cast Steel, and Powder Metallurgy Materials
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Cast iron
Alloy cast irons
Special-purpose
Malleable White Ductile

i rﬁl Lpurpose  Heat-treated  Hard and
- for ductility  wear resistant as cast

Elgure 15-11
pectrum of cast irons

¢ The chemical composition of gray iron
fnges from 29 to 4% total carbon with at least
% silicon (Figure 15-12), The steel matrix of
fay iron usually will have a microstructure of fer-
ife, pearlite, or martensite. The graphite is really
present in the form of three-dimensional, rose-

Some ductility

The shape, size, and distribution of the graphite
flakes can have an effect on properties. Thus it is
something closely scrutinized by foundry staff. An
illustration of graphite distribution in gray iron is
shown in Figure 15-13.

The iron-carbon equilibrium diagram, which
was used to described phase relationships in steel,
shows that cementite should be a predominating
phase in high-carbon (>2%) iron-carbon alloys.
If this diagram was projected to 100% carbon, it
could be called the iron-graphite diagram.
Graphite is really the thermodynamically stable
form of carbon in all iron—carbon alloys.

The silicon in gray iron aids graphite forma-
tion. The chemistry and cooling rate are con-
trolled in most commercial cast irons to prevent
the formation of cementite-rich phases (ledebu-
rite). The important gray irons have a steel ma-
trix containing graphite flakes of varying size
and volume distribution. The carbon content of
the matrix is usually less than 1%. A ferrite ma-
trix will yield a low-strength gray iron; a
pearlitic matrix, higher strength; and quench
hardening of a high-carbon matrix iron yields a

I
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present in the form of three-dimensional, rose-
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something closely scrutinized by foundry staff. An
illustration of graphite distribution in gray iron is
shown in Figure 15-13.

The iron—carbon equilibrium diagram, which
was used to described phase relationships in steel,
shows that cementite should be a predominating
phase in high-carbon (>2%) iron-carbon alloys.
If this diagram was projected to 100% carbon, it
could be called the iron-graphite diagram.
Graphite is really the thermodynamically stable
form of carbon in all iron—carbon alloys.

The silicon in gray iron aids graphite forma-
tion. The chemistry and cooling rate are con-
trolled in most commercial cast irons to prevent
the formation of cementite-rich phases (ledebu-
rite). The important gray irons have a steel ma-
trix containing graphite flakes of varying size
and volume distribution. The carbon content of
the matrix is usually less than 1%. A ferrite ma-
trix will yield a low-strength gray iron; a
pearlitic matrix, higher strength; and quench
hardening of a high-carbon matrix iron yields a
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Temperature (°C)
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Table 11.5 Designations, Minimum Mechanical Properties, Approximate Compositions, and Typical Applications for Various Gray,
Nodular, Malleable, and Compacted Graphite Cast Irons

Mechanical Properties

O
e Tensife Yield Darcriliny
A4 UNS Composition Sirengih Strengih | % EL in 50
Crrade Number (wr%:)® Marwix Soewereee [MPa (ksiy]  [MPa (ks mm (2 i0)] Tvpical Applicarions
Gray fron
SAE G180 Floond 340037 C, Femrite + Pearlite 124 (18] e e Misce llaneows soft iron castings in which
25551, strength is not a primary conside ration
0.7 Mn
SAE G250 Flooos  32-35C, Femite + Pearlite 173 (25) — — Small cvlinder blocks, evlinder heads, pistons,
2.208i, clutch plates, transmission cases
0.8 Mn
SAE G4000  Flo008  30-3.3C, Pearlite 276 (40) S — Diesel engine castings, liners, cylinders, and
2.0 §i, pistons
0.8 Mn
Duerile (Naodular) Iron
ASTM AS536
AA-1H F32800 | 3.538C, Ferrite 414 (61) 276 (4 18 Pressure-containing parts such as valve and
20-28 5, pump bodies
LOO=TO-03 F34800 005 Mg Pearlite GED (100) 483 (70) 3 High-strength gears and machine
=120 Ni, components
120090002 F3e2o0 | <010Mo Tempered R27 (1200 621 (90) 2 Pinions, gears, rollers, slides
martensite
Malleable Iron
32510 Faaz2o0 23 27C, Ferrite M5 (500 224(32) 10
1.0-1.75
§i, <0155 General engineering service at normal and
Mn clevated temperatures
45006 F23131 24-2.7C, Femite + Pearlite 448 (65) 310(45) f
L25-1.55
51, =(L55
Mn
Compacted Graphite Iron
ASTM AB42
5 _ 3.1 i S0 (36 5(25 3
) "11 ;.1_[]3%5] _— e, L35i(25) - Diesel engine blocks, exhaust manifolds,
Gradedsn| _ 0.015-0035 Mg, Pearlite 450 (65) 315 (46) | el Ll L L

006-0L13 T

“The balance of the composition is iron.

Source: Adapted from ASM Handbook, Vol 1, Propertier and Selection: Trons, Steels, and High-Perfomance Alloys, 1990, Reprinted by permission of
ASM International, Materials Park, OH.

25
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Figure 15-13

interpretation of graphite morphology

Alloy Designation

Figure 15-14
Microstructure of pearlite gray iron (a) before (b) after quench hardening (x500)

(a) Coarse and (b) fine graphite in gray iron (100). ASTM specification A 247 explains

high-strength martensitic matrix. Figure 15-14
shows the structure of a pearlitic gray iron be-
fore and after quench hardening. The pearlitic
structure produced a hardness of 180 HB. The
martensitic structure had a hardness of 600 HB.

It is not common practice to identify various gray
irons by their chemical composition, because
their microstructures are equally important. A

15-5
of gray-iron alloys

Minimum

Tensile Strength (psi) MPa
20,000 138
25,000 172
30,000 207
35,000 241
40,000 276
45,000 310
50,000 344
55,000 380
60,000 414

ct this suffix, at least in discussing these al-
. A drawing designation for a gray-iron casting
t read as follows:

common industry-accepted system for i
cation of gray-iron alloys is a class desighi
(ASTM A 48). There is a class 20, a class 30! df
50 on. The 20 in the designation stands fo
minimum tensile strength in kips (1000 I
square inch. The common grades are show
Table 15-5.

The complete alloy designation should h
an A, B, C, or S suffix to indicate the size of
tensile test specimen used in measuring the te
strength. Right or wrong, it is common practice

. Material: Gray iron, ASTM A 48 class 20
B (state casting process: sand, investment, and
(1 soon)

hysical Properties

cause gray irons are essentially steels with
graphite in them, some of their physical proper-

s arc similar to those of plain carbon steels.
lhe thermal conductivity and coefficient of ther-
imal expansion values are close to those of steels.
ifhe presence of graphite in the structure, how-
ver, does affect other physical properties such as
damping capacity, electrical resistivity, magnetic
gharacteristics, and even corrosion resistance.
The term damping capacity is often men-
tioned in discussing cast irons. It refers to the
bility of a material to suppress elastic deflec-
ns or vibrations. There is very little quantita-
ve information on this property, but because
y irons:‘contain up to10% by volume of
aphite, it is said to have high damping capac-
fity. The graphite essentially absorbs vibrations.
Because of this property, cast iron has always
L. been a favorite for machine bases and the like.

st Iron, Cast Steel, and Powder Metallurgy Materials 597

Another effect of the graphite in the mi-
crostructure of gray irons is to cause size change
with time: pearlite may transform to graphite
and ferrite, causing a growth. At elevated tem-
peratures, internal oxidation of graphite can
cause growth. As long as operating tempera-
tures are kept below about 750°F (400°C), this

b n can be neglected

Electrical resistivity is affected by the nature
of the graphite in gray irons. A coarse graphite
structure will have higher resistivity than a fine
structure. All the graphite-containing cast irons
have higher electrical resistivities than carbon
steels,

All the common gray irons are ferromag-
netic, but there are such things as austenitic ca
irons, and, of course, these are not ferromag-
netic. The other magnetic properties, such as
permeability, coercive force, and hysteresis loss,
are affected by the type of graphite structure in
the particular type of gray iron,

The corrosion resistance of gray cast iron in
most environments is better than that of carbon
steels. When corrosion starts, some of the steel
matrix dissolves, leaving the graphite flakes
standing proud from the surface. They are more
noble than the matrix, This relief effect aids the
formation of a tenacious surface film, which in
turn reduces the rate of overall attack. This is
particularly true if the film is insoluble in the
corrodent.

tems. They perform well in alkalies, seawater,
and some acids. They are almost a standard-ma-
~terial of constructio ipes for potable wi
and fire mains{ Fifty years 3f service 1s not un-
common, and some old citics have cast-iron sys-

tems that have been in continuous service for
™ hundreds of years. Most older homes in the

S" United States have cast-iron piping on sewer

connections.’Cast-iron piping is being rediscov-
ered in the United States for sanitary piping
drains in new construction. It is quieted than
plastic piping in flushing and draining because
of its damping characteristics.

/'_\

Gray irons are widely used for/piping sys-

28
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Alloy Designation of gray cast Iron
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) able 15-5
E : ifades of gray-iron alloys
P e Minimum
’ s No. Tensile Strength (psi) MPa
it
g 20,000 138
e 25,000 172
oA 30,000 207
35,000 241
40,000 276
45,000 310
50,000 344
e i 55,000 380
ins : b 60,000 414

:d system for identi
is a class desighatig
“lass 20, a class 30! 4 jght read as follows:
gnation stands fort (HE
in kips (1000 [5)pd
1 grades are shown?f

:signation should ha
ndicate the size of thi

& ¥
n meaciiring the tancil 29

 soon)

'_hyslcal Properties

peglect this suffix, at least in discussing these al-
Joys. A drawing designation for a gray-iron casting

9 Material: Gray iron, ASTM A 48 class 20
y: +(state casting process: sand, investment, and

ast Iron, Cast Steel, and Powder Metallurgy Materials 597

Another effect of the graphite in the mi-
crostructure of gray irons is to cause size change
with time: pearlite may transform to graphite
and ferrite, causing a growth, At elevated tem-
peratures, internal oxidation of graphite can
cause growth. As long as operaling tempera-
tures are kept below about 750°F (400°C), this
phenomenon can be neglected.

Electrical resistivity is affected by the nature
of the graphite in gray irons. A coarse graphite
structure will have higher resistivity than a fine
structure. All the graphite-containing cast irons
have higher electrical resistivities than carbon
steels.

All the common gray irons are ferromag-
netic, but there are such things as austenitic cast
irons, and, of course, these are not ferromag-
netic. The other magnetic properties, such as
permeability, coercive force, and hysteresis loss,
are affected by the type of graphite structure in
the particular type of gray iron.

The corrosion resistance of gray cast iron in
most environments is better than that of carbon
steels. When corrosion starts, some of the steel
matrix dissolves, leaving the graphite flakes
standing proud from the surface. Thev are more
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1 598 Chapter 15

Mechanical Properties

We have already discussed the range of tensile

p: strength available in gray iron. The class desig-
o nations coincide with the minimum tensile
strength. Noticeably absent in the discussion of

mechanical properties of gray irons are data on

§ yield strength, the reason being that gray irons

{ are brittle. There is negligible plastic deforma-
tion in a tensile test, and thus the yield strength

and tensile strength are usually one and the

same. Figure 15-15 illustrates a typical tensile

test stress-strain diagram on mild steel and gray

: ’ : from 1 to ~1.5 times).
iron. Important points to note are that there is 'O ( )
no significant strain before failure in gray iron

: tress—strai ine: i i, o :
ind the stress-strain curve has no linear poson. v Ppearlitic class 30 and class 40 irons have a

Gray irons do not obey Hooke's law very well,

The graphite in the structure causes microslip at %

all stress levels. It does not have true elastic be-
havior. The modulus of elasticity of gray iron

(slope of the curve) is lower than that of steel. |

Because the stress-strain is not linear, it is not
'R
0"

!\/
Failure

& (tensile s:rcngth}'\
Mild

steel

- Yield
strength

i

___ Failure
(tensile strength)

Stress
T T

7/ Gray
7/ iron

1 1

Figure 15-15 ) :
Comparison of the stress-strain curves for steel

" y i % |
‘.ln?éruy iron is one of its better mechanical B

:_) hardened white irons can have hardnes:

even possible to determine the modulisif
ticity using the technique used on steeldo sl

The modulus of elasticity (secant iz
derived from a secant line of the strain o8
vary from 12 to 20 x 10° psi (83 to 1388
MPa). Gray irons should not be used for
loading situations, if avoidable. 4

On the other hand, the compressive §

erties. Typically, the compressive strength ¢4f
three to\five timej the tensile strength, The s _
strength is aboul equal to the tensile stre i

Annealed ferritic gray iron typically. a8
hardness in the range of 110 to 140 HB

ness range of about 140 to 190 HB. Cla
irons can be as hard as 350 HB, and the quient

high as 600 HB. 4
In addition to low ductility, gray irong
very poor toughness. The toughness is too !.
measure with a typical notched bar in a swi o)
pendulum machine. Unnotched impact testsd
run, and data are available on the v
grades, but it is best to design with gray-cast-ifg)
parts in such a manner that they never receivl
shock loads, Stress concentrations should!a §
be avoided; there should be no sharp reentrag
corners. 118
Gray cast irons have fatigue characteridh
not unlike those of carbon steels. Typical fa
strengths are about 40% of the tensile stre
One of the most valuable properties of
cast iron from the standpoint of design is wes
resistance, Gray iron is not any better th
medium carbon steel in resistance to abras
fretting, and some forms of corrosive wear,
the graphite in the structure provides assis
in resisting metal-to-metal wear. Gray i
very resistant to seizure when used for: th
sliding devices, worms, and the like. M2
against a hardened steel and lubricated® )
iron provides a verv low-wear slidino canntefs

stance of gray iron is its continued use for
ne blocks in automobiles.
Another typical wear application for cast
Fon is in gears. Very large gray-iron gears are
ften used in combination with hardened steel
Binions. Cast irons are similarly used in the
quench-hardened condition. Gear teeth are
sometimes flame hardened.
4 The graphite in the structure of gray iron is
sbsponsible for its metal-to-metal wear resist-
ce; The graphite itself is a lubricant, and when
Jleached from the surface by wear, the hole
that remains serves as a reservoir for lubricant,
No metal-to-metal sliding combination works
el without lubrication, and cast iron is no ex-
geption. However, the graphite does improve

performance when lubrication is inadequate.

éat Treatments

All the heat treatments that apply to carbon
steels also apply to gray irons. The bases for the
arious heat treating cycles are equilibrium dia-
grams and TTT curves. However, because gray
irons contain silicon plus other alloy elements,
the iron-carbon diagram is altered. Gray irons
jare really at least ternary alloys. The graphite
present in the microstructure has some effects
that warrant a few comments on some of the
feat treating cycles.

Normalizing The main purpose of normaliz-
ing is to increase strength and hardness. It in-
Volves heating above the critical temperature for
the particular alloy and air cooling. Normalizing
is usually used to produce grain refinement. Be-
cause gray irons do not usually rely on grain size
for properties, the effects of normalizing are
Tather to remove internal stresses and to increase
Strength by reducing segregation in the matrix.

Annealing Annealing is performed on gray-
iron castings 1o remove internal stresses and to
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ine austenitizing temperatures to allow the g
185, to dissolve. Thus, high-strength or all
ngs irons with a pearlite matrix should be

D a hardgned gray-iron castings.

wi- Jhe advantages of quench hardeni
ief. improved strength, hardness, and wear ¢
ces teristics. Care should be used, howevery:

kield a 50% increase in strength and toughness
*pver as-cast conditions, yet the part can still be
_machined. Heat treating distortion is eliminated
in machining. On gray irons, the size change dur-
Ling quench hardening can be 0.5% expansion.

401 Special heat ‘treating techniques such as
¢ austempering and martempering can be applied

in- sure proper tempering after hardening o ‘cast irons, but the use of these and other
ice carbon steels, the as-hardened strength bg ‘special quench-hardening techniques should be
ent gray irons decreases. Increased strengthyg discussed with the foundry before they are used.
the tained only by tempering. The mechanicil pr, Each cast-iron alloy has different heat treating
as- erty effects of quench hardening cast iro) i characteristics.

his illustrated in Figure 15-16. 13 #ib! Gray cast iron is an excellent material to use
ap- he correct tempering te rnperaturerrf for cams, gears, and machine ways; for these ap-
on partlcular gray iron depends on the class.|] . plications it is advisable to at least stress relieve
at temperatures in the range from 700 to:80(§ ‘the casting before final machining. If good wear
ifi- (370 to 430°C) are LO]‘nI‘I‘IOI‘l‘A common; ‘characteristics are desired, use the castings in
re- treating practice used for strength and wear the quenched and tempered to 300 to 350 HB
ess sistance combined with fabricability is to ha;  condition. If maximum wear resistance is re-
nal and temper to 300 to 350 HB. This pra'i:'i quired, flame or induction hardeéning of wear
). areas should be considered. Annealing is used
ses e e — ‘when machinability is a bigger concern than me-
All ! chanical properties.
"F i As cast it
to = Welding Cast irons are prone to cracking dur-
£n ; Chicnch hardered ' ing welding for the same reasons that we men-
100 W tioned in our discussions of tool and alloy steels.
2d. \ Tensile stréiiian Cast irons should not be welded by design. If a
t T casting fractures, repair welding is frequently at-
by ; tempted. The risk of getting additional cracking
ler = ! is high, but welders that are experienced in cast
:d. g y iron welding can have a good repair success rate.
1s- £ L Two main processes are used, arc welding with
ar- high-nickel filler metal and torch brazing with
1% copper-based filler metal. The procedure for arc
im welding involves preheating to about 700°F
ite (370°C), welding with minimum weld size, and
iC5 peening of the deposit, followed by a slow cool to
ng : oom temperature and a temper at about 600°F
is Lo 5 £(315°C). The preheat and postheat are not
Iy Eamperiig ttapecilini peeded with torch brazing because, by the time
1st ' the part is hot enough to melt the brazing alloy, it
n- Figure 15-16 unil kwill be adequately preheated. The secret to suc-
ed Effect of tempering tempera!ura on the propartl B cess with this process is to slowly heat the entire
he of quench-hardened gray iron & casting with the process is to slowly heat the

" cast Iron, Cast Steel, and Powder Metallurgy Materials 601
L

entire casting with the torch up to at least 700°F
(370°C) before concentrating the torch heat at the
weld joint. It is also important to apply a suitable
brazing flux. After brazing, the part should be slow
cooled, but a temper is usually not necessary be-
cause with slow torch heating there 'is little ten-
dency to get a quench that would cause local
hardening. In general, welding on all cast iron
should be avoided, but when it is unavoidable
these types of procedures should be employed.

15.4 Malleable Iron

By definition, malleable iron is a cast iron that has
been thermally treated so that it has significant
ductility. In the United States, malleable cast
iron is made by converting a white iron to either
a ferrite or a pearlite matrix, with the excess car-
bon present in the form of small, flowerlike nod-
ules called temper carbon. The structure of a
ferritic malleable iron is shown in Figure 15-17.

Metallurgy

Malleable irons are iron—carbon-silicon alloys,
with carbon usually in the range of 2% to 3%

Figure 15-17
Ferritic malleable iron: Black spots are “temper”
carbon (graphite); matrix is ferrite (> 150)
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A571 Austenitic ductile iron for pressure e
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A716 Ductile iron culvert pipe
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Comparative qualities of cast irons!“!

Nominal ey Tensile | Elongation | Hardness
i Form and | strength S ;
Name composition St 3 strength [% (in [Brinell Uses
% b wsighay | OTRon; (0028wl | Ziichesy | seae
MR offset)]
Engine cylinder
Grey cast blocks,
iron C 34, 511.38, flywheels,
(ASTM Mn 0.5 Gast > B I gears,
A48) machine-tool
bases
Wh!te cast |C 34,5107, |Cast(as 55 0 450 Bearing
iron Mn 0.6 cast) surfaces
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Malleable Axle bearings,
iron C25,Si10, |Cast track wheels,
(ASTM | Mn 0.55 (annealed) - - - - automotive
A47) crankshafts
Ductileor |C34,PO0.1, Gears,
nodular (Mn 0.4, Ni 1.0, |Cast 53 70 18 170 camshafts,
iron Mg 0.06 crankshafts
Ductile or
nodular cast
iron (quench 108 135 5 310
(ASTM tempered)
A339)
. C27 Si086, :

Ni-hard |\, '05 Ni 45, | Sand-cast 55 550 High strength
type 2 Cr2.0 applications
. C30,Si20, Resistance to

2 Mn 1.0, Cast 27 2 140 heat and
type2 Ni200 cra2s corrosion
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