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Preface

The foundry industry in general, and iron foundries in
particular, have contracted considerably over the past
decade. The UK iron founding capacity contracted by
50% between 1975 and 1985. Several factors contri-
buted to this decline. It was precipitated by the world
energy and economic crises of the 1970s and was
prolonged by the decline of traditional heavy engi-
neering industries, enforced control over emissions
and workplace environment, the growth of alternative
materials and liability legislation changes.

However, the decade was one of technological
innovations. Advances in the understanding of
graphite formation led to the use computer analysis of
the cooling curve being used to predict structural
features in addition to iron composition. Computers
became an important feature of new iron foundries.
They are an invaluable aid in all aspects of design,
solidification  simulation, —melting operations,
production control and statistical quality control.
New sand systems and moulding techniques such as
the lost foam process added versatility. Compacted
irons have been added to the cast iron family and new
impetus has been given to the development of
spheroidal graphite irons with the promotion of
austenitic ductile iron for components such as gears.
The new iron industry cannot rely on market growth
and the economies of scale it once offered. These are
being replaced by sounder practices and more efficient
utilization of resources. The way forward is to
overcome the long standing prejudice against cast
products (the recent certification for the use of
spheroidal graphite irons as a substitute for stainless
steel in nuclear waste transport containers is an

important step in this direction) by demonstrating the
versatility of modern metallurgically-advanced,
market-led cast iron components manufactured by
efficient, attractively priced, near-end shape
production methods.

The technological changes of the past decade is the
underlying theme of the present book. The
importance of the cast iron family as engineering
materials is emphasized in the first chapter. Develop-
ments in cupola practice, cupola versus electric
melting and liquid iron treatments of desulphuriza-
tion, inoculation and spheroidization are examined in
Chapter 2. Chapter 3 uses nucleation and growth
concepts to explain the solidification structures of
grey and white iron and explains how the foundryman
can exercise control over the structure, and hence,
properties of an iron. The cooling curve and its use as
a control tool are an important feature of this chapter.
Chapter 4 describes solid state transformations of
importance in cast iron technology. These include
malleabilizing and various heat treatment processes as
well as the theory and practice of austempering.
Chapter 5 is devoted to new foundry technology and
explores running and gating design, feeding,
moulding materials and a selection of casting
processes. Chapter 6 demonstrates typical microstruc-
tural features of the cast iron family.

An attempt is made to relate theory and practice
throughout the text. It is hoped that this is sufficiently
evident to attract practising foundryman to some of
the more academic aspects of the subject.

Roy Elliott



Chapter 1

An introduction to cast irons

The nature of cast irons

Joseph Glanville wrote of cast iron, ‘Iron seemeth a
simple metal but in its nature are many mysteries.’
Many, but not all, of these mysteries have been solved
over the past three hundred years using the combined
skill of the foundryman and the knowledge of the
scientist to provide today’s design engineer with a
family of casting alloys that offer a virtually unique
combination of low cost and engineering versatility.
The various combinations of low cost with castability,
strength, machinability, hardness, wear resistance,
corrosion resistance, thermal conductivity and
damping are unequalled among casting alloys.

Cast iron or ‘iron’ is a Fe—C-Si alloy that always
contains minor (< 0.1%) and often alloying (> 0.1%)
elements and is used in the as-cast condition or after
heat treatment. Table 1.1 compares the characteristics
of the various types of iron with those of cast steel and
Figure 1.1 shows the relationship between members of
the family of unalloyed irons. Figure 1.2 compares the
C and Si composition ranges of cast irons and steel
and shows that all irons contain C in excess of its
solubility limit in austenite. This is defined by the
lower line in the figure. The higher C (2-4%) and Si
(1-3%) contents confer castability. The phase
diagram in Figure 1.3 shows that irons solidify at
approximately 1150 °C compared to about 1500°C
for steel. Liquid iron is more fluid and less reactive
with moulding materials. The formation of low
density graphite in grey iron is accompanied by an
expansion which may be used with a rigid mould to
feed secondary shrinkage thus eliminating the need
for conventional feeders. These characteristics
promote castability and make the casting of complex
shapes at relatively low cost possible.

The microstructure and properties of cast iron also
differ from those of steel. The excess C precipitates

during solidification by a eutectic reaction either as
the thermodynamically stable graphite phase (grey
iron) and/or the metastable cementite phase (mottled
or white iron). Whether the stable or metastable phase
forms depends on the nature and treatment given to
the liquid, in particular, its graphitization potential,
inoculation treatment and the cooling rate. Si
increases the graphitization potential strongly and is
always present in higher concentrations in grey irons.
Al, B (<0.15%), Cu, Ni and Ti (<0.25%) also
increase the graphitization potential and Bi, B
(>0.15%), Cr, Mn, Mo, Te, V and Ti (>0.25%)
decrease it. The graphitization potential of liquid
malleable iron is reduced with trace additions of Bi
and Te to allow thicker components to be cast white
before graphitization by heat treatment. Graphite is
difficult to nucleate in liquid iron so the graphitization

Table 1.1 A comparison of the characteristics of various
types of cast iron with those of a 0.3% cast steel
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potential, which is the iron’s ability to solidify grey, is
realized by inoculating the iron to provide graphite
nuclei. Ferrosilicon is used frequently for this
purpose. However, neither Fe nor Si are inoculants.
They act as carriers for other elements such as Ca, Ba,
Al, Sr, B and Zr which are present in relatively low
concentrations.

Inoculation is one of the most important and
widely practised processes in cast iron production. It
is used to avoid chill formation in thin sections, helps
to counteract the effect of variations in raw materials
and melting practice and is usually the final process in
the ladle treatment of spheroidal irons. Rapid cooling
favours metastable carbide formation (chill). The
upper line in Figure 1.2 defines the eutectic com-
position. The second phase in the eutectic reaction is
austenite, which forms the matrix and transforms
during cooling in the solid state, as in steels, to one of
several structures depending on the alloying additions
and the cooling rate. Whereas C content is of primary
importance in selecting the heat treatment temp-
erature of a steel, Si is the significant element in
determining the critical temperature range for an iron.

Many of the mystiques referred to by Glanville can
be traced to the complicated and considerable
influence of minor elements on structure and
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Figure 1.3 The iron-carbon phase diagram

Fe—G system Fe—Fe,C system
A B C D
(—) Fe-G 2.09 425 0.68  %C
1154 1154 739  °C
(---) Fe-Fe,;C 2.12 431 668 076 %C
1148 1148 1226 727 °C

properties. This is illustrated in Table 1.2 (ref. 1). The
influence of individual elements can be multiple and
the effects both beneficial and detrimental’*. For
example, inoculation is achieved as a result of the
action of minor elements as explained later. Trace
additions of Mg to a low S iron modify the graphite
growth process to promote spheroidal graphite. This

1.2 The influence of trace elements on the hardness and
strength of a grey iron (after ref. 1)

Element (%) Casting 1 Casting 2
C 3.39 3.39
Si 2.01 1.94
Cr 0.14 0.06
Cu 0.20 0.13
Sn 0.01 <0.01
As 0.02 0.01
Mo 0.045 0.025
N 0.006 0.0055
Ti <0.01 0.02
Hardness HB 207 165
Tensile strength N/mm? 195 167
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only occurs over a narrow concentration range.
Lower concentrations result in compacted/vermicular
or even flake graphite; higher concentrations promote
spheroid degeneracy or carbide formation. N in
malleable iron stabilizes carbides, reduces mottling
tendency and retards first and second stage graph-
itization. N levels above 0.014% can lead to severe
production problems®. N acts as a pearlite stabilizer in
flake irons and exerts a strong carbide stabilizing
effect. It promotes compacted/vermicular rather than
flake graphite in thick sections at levels > 0.008%
(see also Figure 6.12 in Chapter 6). All these influences
increase the tensile strength. A 0.003 to 0.008% N
increase raises the ultimate tensile strength (U.T.S.) of
a flake iron from 260 to 300 N/mm?® (ref. 6). In
practice, N with Sn and Sb has been used to reduce the
ferrite content in gravity-cast brake drums and to
strengthen piston ring irons. However, high N levels
(~0.02%) are a cause of blowhole and fissure
defects’. In this connection, it has been shown that a
N-V combination can eliminate unsoundness at the
same time as increasing the tensile strength®. The
effect of N in spheroidal iron is less pronounced
because the Mg treatment tends to flush it from the
melt’. Pb as low as 0.0015% in the presence of H leads
to Widmanstéitten graphite formation and a reduction
in mechanical properties' (see also Figures 6.15-6.18
in Chapter 6). These are only a few of the com-
positional effects that must be considered in
producing irons, but they emphasize the need to
control minor elements and the importance of their
selective use to control structure and properties.
Indeed, this is a most important aspect of cast iron
technology.

The properties of cast irons depend on the form of
C precipitation and the matrix structure. The C pre-
cipitated in the eutectic reaction is not a major contri-
butor to mechanical strength. It is responsible for
several properties not displayed by steels. Carbides
contribute hardness and abrasion resistance.
Graphite contributes machinability, wear resistance,
damping and thermal conductivity depending on its
shape. The mechanical properties of cast iron are
derived mainly from the matrix. This is why irons are
often described in terms of their matrix structure, for
example, as ferritic or pearlitic types. Important
matrix structures include;

Ferrite. This is a Fe-C solid solution in which ap-
preciable Si and some Mn, Cu and Ni may dissolve.
It is relatively soft (although dissolved Si makes it
harder than in plain C steel), ductile, of low strength
and with poor wear resistance, good fracture
toughness, relatively good thermal conductivity and
good machinability. A ferritic matrix can be produced
as-cast but is often the result of an annealing
treatment.

Pearlite. This is a mixture of ferrite and Fe,C, which
forms from austenite by a eutectoid reaction and
derives its name from its mother of pearl appearance.
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It is relatively hard, shows moderate toughness,
reduced thermal conductivity and good machinabil-
ity. Several mechanical properties increase as the
pearlite spacing decreases. The C content of pearlite in
unalloyed steel is 0.8%. It is variable in cast iron
depending on the iron composition and cooling rate.
1t can be as low as 0.5% in the high Si irons.
Ferrite-Pearlite. This mixed structure is often used to
obtain properties intermediate between the extremes
described above.

Bainite. This structure can be produced, as-cast, in
alloyed (Ni and Mo) irons when it is known as
acicular iron or, more reliably, by an austemper heat
treatment (see Figures 6.34 and 6.35 in Chapter 6).
The properties of austempered spheroidal irons have
been reported since the 1950s but the cost effective
role that these alloys can play, particularly in
automotive engineering, and gearing and trans-
mission components has been appreciated only
recently. The benefits of austempered spheroidal irons
include;

1. high tensile strength coupled with toughness,
ductility and good fatigue resistance;

2. good resistance to wear and scuffing which is
retained under poor lubrication;

3. high noise damping capacity giving quiet
operation;

4. good casting characteristics;

5. near net shape formability even with highly

complex shapes;

good machinability as-cast and

. a 10% weight saving against steel.

~o

Considerable interest is being shown in this modern
engineering material as a replacement for forged steel
components'' ™,

Austenite. A high alloy content is required to retain
this phase during cooling. High alloy flake and
spheroidal irons (i.e. Ni-resist) have excellent heat,
corrosion and non-magnetic properties'®. This matrix
can show good toughness, creep resistance and stress
rupture properties up to 800 °C and a wide range of
thermal expansivity depending on the Si content (see
also Figures 6.38, 6.39 and 6.41 in Chapter 6).

Most casting alloys are specified by composition.
However, this is not possible for many cast irons
because, as Figure 1.2 shows, the composition of the
various types of iron overlap and the properties of a
particular type depend on the solidification
conditions. Consequently, the majority of cast iron
specifications define the mechanical properties for a
particular section size. Hence, an appropriate section
size must be defined for a casting in order to select a
specification.

The foundryman must control the melting and
casting sequence with composition as a variable to
achieve the required properties in the casting. Com-
position is specified for special purpose high alloy

irons and concentration limits are sometimes imposed
in order to control the effects of specific elements.
Sulphur'” and various minor elements’, including P,
fall into this category.

P has limited solubility in austenite and segregates
positively during solidification. This can result in
phosphide formation in the last areas to solidify (see
also Figures 6.3-6.7 in Chapter 6). Phosphides are
similar to carbides. They cause machining problems
but they cannot be eliminated by heat treatment. High
P content has been associated with the segregation of
Mo, Cr, V and W. This leaves areas of the matrix
depleted of these alloying elements and reduces the
matrix strength'®. Embrittlement of ferritic spheroidal
cast iron that has undergone cooling or long range
annealing between 350°C and 550°C has been
attributed to P segregation'. Phosphide eutectic
liquid at cell boundaries creates a mushy state that is
difficult to feed. This condition creates high eutectic
solidification forces in the outer solidifying shell,
causing mould wall movement and a requirement for
feed metal in the final stages of solidification. This can
lead to shrinkage porosity. An upper limit is usually
specified for P for these reasons except when it is used
for a specific purpose such as promoting castability in
low grade irons. The thermal shock resistance of grey
irons depends on the total C content and a minimum
is quoted for this reason.
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Figure 1.4 Cast iron production in the United Kingdom
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Types of cast iron

Cast irons remain the most used casting alloy despite
a considerable reduction in their production during
the past decade as shown in Figure 1.4. Their
popularity stems from an ability to cast complex
shapes at relatively low cost and the wide range of
properties that can be achieved by careful control
over composition and cooling rate without radical
changes in production methods. Cast irons divide into
two main groups, general purpose alloys which are
used for the majority of engineering applications and
the special purpose, white and alloy cast irons which
are used for applications involving extremes of heat,
corrosion or abrasion.

General purpose cast irons

These irons form the largest group of casting alloys
and can be classified according to the graphite
morphology into flake, malleable, spheroidal and
compacted/vermicular types. Specifications exist for
all types except the relatively new, compacted/
vermicular irons. Specifications used in the different

An introduction to cast irons 5

countries are indicated in Table 1.3. Table 1.4 lists the
British Standard Specifications. The first grade
number denotes the tensile strength and the second,
the minimum per cent elongation. Several bodies
define standards in the USA notably the American
Society for Testing and Materials (ASTM) and the
Society of Automotive Engineers (SAE). The Iron
Castings Society publishes a summary of specifica-
tions as shown in Table 1.5. These tables include
composition specifications and also indicate the major
uses of cast irons.

Most mechanical properties can be related to a
tensile strength specification as shown in Table 1.6
although tensile or yield strength may not be the only
design criterion. Not all engineering properties
increase with grade number and the selection of a
particular grade or even type should be made to
obtain the best combination of properties for the
application.

Material selection for diesel engine components
illustrates this point®. Acceptable material for
cylinder heads must possess high thermal stability,
high mechanical strength and hardness. These three
requirements are not easily satisfied in a single
material. A compromise solution has to be sought for
each application and there are over 40 compositions

Table 1.3 A selection of International specifications for flake and spheroidal irons

Country Increasing tensile strength Standard
Britain Gr 400 Gr 350 Gr 300 Gr 260 Gr 220 Gr 180 Gr 150 BS 1452
France Ft 40D Ft 35D Ft 30D Ft 25D Ft 20D Ft 15D Il\fjlzzl 32-101
Germany GG 40 GG 35 GG 30 GG 25 GG 20 GG 15 I:DI6N5 1691
1SO Gr 40 Gr 35 Gr 30 Gr 25 Gr 20 Gr 15 Rgfr;;S
Italy G35 G 30 G 25 G20 G15 3:115007
Japan FC 35 FC 30 FC 25 FC 20 FC 15 %286905501
Sweden SISO 140 SISO 135 SISO 130 SISO 125 SISO 120 SISO 115 N;gl:C 705
USA Class 60 B Class 55 B Class 50 B Class 40 B Class 35 B Class 30 B Class 25 B Class 20 B lASTM 48
USSR SC 40-60 SC 36-56 SC 3222B SC 28-48 SC 24-44 SC 2140 SC 18-36 SC 15-32 :GZ(Z%T 1412
Tensile strength increasing ———
Britain Gr 350-22 Gr 420-12 Gr 500-7 Gr 600-3 Gr 700-2 Gr 800-2 BS 2789
France FGS 370-17 FGS 400-12 FGS 500-7 FGS 600-3 FGS 700-2 FGS 800-2 ll\lglgi\ 32-201
Germany GGG 353 GGG 40.3 GGG 40 GGG 50 GGG 60 GGG 70 GGG 80 1139171\61 1693
1SO Gr 370-17 Gr 400-12 Gr 500-7 Gr 600-3 Gr 700-2 Gr 800-2 ig;g
italy GS 370-17 GS 400-12 GS 500-7 GS 600-2 GS 700-2 GS 800-2 {?11614544
Japan FCD 40 FCD 45 FCD 60 FCD 70 };)57405502
50 1975
Sweden SISO SISO SISO SISO SISO SISO MNC 706E
717-15 717-12 717-02 727-02 732-03 737-01 1977
USA 60-40-18 65-45-12 80-55-06 100-70-03 120-90-02 ASTM 536
USSR Vch 38-17 Vch 42-12 Vch 45-5 Vch 60-2 Vch 70-3 Vch 80-3 g(:)ZST 7293
50-2
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Table 1.6 The general direction of increase of mechanical and physical properties of general purpose cast irons

Grey flake irons

Property Unit G150 G220 G300 G400
Tensile minimum 30 mm cast bar Nmm~™2 150 220 300 400
Compressive strength Nmm™2 600 768 960 1200
Design direct tensile maximum Nmm ™2 38 55 75 100
Design direct compression depends Nmm~2 up to 156 229 312 416
on stiffness
Modulus of elasticity GNm™? 100 120 135 145
Typical hardness range BHN 136-167 167204 202247 251-307
Thermal conductivity 100 °C Wm'K™! 52.5 50.1 47.4 44
Fatigue limit Wohler; unnotched 84mm  Nmm™? 68 99 135 152
Design fatigue maximum Nmm 2 23 33 45 St
Machinability -
Better machined finish »
Thermal shock resistance -
Damping capacity -
Producibility—castability -
Wear resistance >
Possibility of thinner sections -
Malleable iron
Blackheart Pearlitic

B 3006 B35-12 P 45-06 P 70-02
Tensile 15mm cast test bar Nmm™? 300 350 450 700
Design direct tension Nmm~2 102 maximum 120 maximum 120 maximum 241
Design compression Nmm~2 100 maximum 130 maximum 175 330
Thermal conductivity 100°C Wm'K! 49 49 45 38.9
Ductility -
Wear resistance
Machinability -
Hardenability >
Impact strength -

Spheroidal irons

350/22 500/7 800/2
Tensile minimum Nmm~2 350 500 800
Design direct tension Nmm? 125 145 198-270
Design direct compression Nmm~™2 148 204 271-367
Typical hardness range BHN 116-140 172-216 > 259
Modulus of elasticity GNm™ 169 169 175
Fatigue limit Wohler Nmm~? 180 224 304
Unnotched bar 10.6 mm diameter
Design fatigue maximum Nmm? 62 75 101
Thermal conductivity 100°C Wm'K™! 36.5 35.5 32.5
Ductility -
Wear resistance >
Machinability -
Hardenability >

Impact strength

-
-

in use”'. Thermal loading is a prime consideration in
small engines used in cars and Cr-Mo-Ni alloyed
flake irons with high C contents of 3.7—3.8% ensure
good thermal conductivity with adequate strength.
With high mechanical loading and moderate to high

thermal loading, as in medium speed or slow running
engines, a change of grade to high strength Cr—Mo
flake irons with a lower C content of 3.2-3.3% C
provides the change in balance of properties. When
mechanical stress is the major consideration it can be



advantageous to change iron type to a ferritic com-
pacted/vermicular or ferritic spheroidal iron.
However, such a change can lower the thermal
loading capacity and, possibly, the permissible
operating temperature.

Grey flake irons

Grey flake irons are the most used of the general
purpose engineering irons. Their name derives from
the characteristic grey colour of the fracture surface
and the graphite morphology. They are relatively
inexpensive and easy to produce because, in contrast
to other irons, they have composition tolerances
which are easily satisfied and few foundry problems
arise from feeding and shrinkage provided the moulds
are prepared correctly. They are readily machined and
the machined surfaces are resistant to sliding wear.
They have high thermal conductivity, low modulus of
elasticity and an ability to withstand thermal shock.
This makes them suitable for castings subjected to
local or repeated thermal stressing. Their main dis-
advantage is their section sensitivity and low strength
in heavy sections. This must be taken into account
when designing castings to withstand service stresses.

Irons of the composition given below satisfy a low
and a high grade specification in a medium size,
uniform section sand casting.

G 150 (C.E.V. 45) 3.1-34% C; 2.528% Si
0.5-0.7% Mn; 0.15% S; 0.9% P.

G 350 (C.E.V. 3.6) 3.1% C max; 1.4-1.6% Si,
0.6-0.75% Mn; 0.12% S.

C.E.V. is the carbon equivalent value, which is equal
to the C content of the iron plus the amount of C
equivalent to the added elements.

The properties of flake irons depend on the size,
amount and distribution of the graphite flakes and the
matrix structure. These, in turn, depend on the C and
Si content (C.E.V. = %C + 1/3% Si + 1/3% P) as
well as minor and alloying additions and processing
variables, such as method of melting, inoculation
practice and cooling rate. The G 150 iron above is of
a higher C.E.V. and is rich in P. These characteristics
promote castability, which is the main attribute of the
lower grade iron. They usually have a ferritic matrix
and find extensive use in non-critical components as
indicated in Table 1.5. They can be produced consis-
tently by the correct melting charge selection. Often
hardness measurements on selected areas of the
component are a sufficient quality test. Higher grades
have a pearlitic matrix which can be achieved by heat
treatment. However it is preferable to achieve a
pearlitic matrix, carefully balancing alloying
elements. The higher grades are used in components
such as engine blocks, cylinder heads, moulds and
hydraulic valve bodies. They require more careful
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control over composition and processing to obtain the
desired graphite and matrix properties. Quality
control usually involves melt analysis, mechanical
testing of cast test bars and radiography.

Flake morphologies are divided into five classes by
ASTM specification A247 as shown in Figure 1.5.
Type A is a random distribution of flakes of uniform
size (see also Figures 6.3 and 6.8 in Chapter 6) and is
preferred for mechanical applications. A high degree
of nucleation that promotes eutectic solidification
close to the equilibrium graphite eutectic is necessary
for the formation of A-type graphite. The flake distri-
bution is refined when changing from A- to D-type as
the undercooling increases. Inadequate nucleation
may be the reason for this and in extreme cases may
result in chill formation. Correct inoculation of a
liquid with adequate graphitization potential avoids
these undesirable structures.

Type B graphite forms a rosette pattern. The
eutectic cell size is large because of the low degree of
nucleation. Fine flakes form at the centre of the
rosette because eutectic solidification begins at a large
undercooling. Recalescence raises the eutectic growth
temperature resulting in a coarse, radially growing
flake structure.

Type C flakes occur in hypereutectic irons and form
with coarse primary Kish graphite®®. This may
influence the size of the eutectic cell and distribution
of eutectic graphite. It may also reduce the tensile
properties and cause pitting on machined surfaces but
it can be beneficial when thermal conductivity is
important.

Type D is fine undercooled graphite which forms
when solidification occurs at a large undercooling (see
also Figure 6.13 in Chapter 6). This structure forms in
the presence of Ti (ref. 24) and in rapidly cooled irons
that contain sufficient Si to ensure a graphitizing
potential that is high enough to avoid chill formation
at the high cooling rate. Although finer flakes increase
the strength of the eutectic, this morphology is not
desirable because it interferes with the formation of a
fully pearlitic matrix by providing short diffusion
paths for C, hence aiding ferrite formation.

Type E graphite forms in strongly hypoeutectic
irons of low C.E.V. that form a strong primary
austenite dendrite structure before undergoing
eutectic solidification. This morphology is classified as
interdendritic with preferred orientation. ASTM
A247 also provides standards for measuring flake size.

One of the main disadvantages of flake irons is the
dependence of their structure and mechanical
properties on cooling rate which makes them par-
ticularly section sensitive. Cooling rate can be related
to section thickness only for the simplest castings.
Such a relationship is shown in Figure 1.6. Tensile
strengths quoted in the specifications for a 30-mm
diameter cast test bar are shown in Table 1.4. If the
casting is of simple shape but varying in thickness, it
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Type E

Figure 1.5 Types of flake graphite defined by ASTM A247 (A)
uniform distribution, random orientation; (B) rosette grouping,

random orientation; (C) superimposed flake size, random orientation;
(D) interdendritic, random orientation; (E) interdendritic, preferred

orientation

is often sufficient to select the iron grade by consider-
ing the thickness of critical sections. However, in
complex, heavily cored castings other factors can
influence cooling rate including;

1. the location of sections that may act as a heat
source (heavy sections) or a heat sink (thin
sections);

2. the location of a section with respect to the thermal
centre of thé casting or heavily cored sections and

3. pouring temperature, gating, feeder and runner
design and thermal capacity of the mould.

These influences can affect both graphite and
matrix structures. For example, if they cause a thick
section to cool through the eutectoid temperature
range at the same rate as a thin section, more ferrite
will form in the thin section because C diffusion in the
solid state is aided by the finer graphite distribution
formed on solidification. The increased ferrite content
will reduce strength. This type of section sensitivity

has been reported in cast iron engine blocks. The thin
cylinder wall displays a ferritic matrix and the thick
bearing saddle displays a largely pearlitic matrix. This
emphasizes that strength predictions of sections in a
complex casting require a knowledge of the specific
cooling rate in each section.

Malleable cast irons

Malleable cast irons differ from other irons in this
group because they are cast white when their structure
consists of metastable carbide in a pearlitic matrix.
High temperature annealing followed by suitable heat
treatment produces a final structure of graphite
aggregates, known as temper C clusters, in a matrix
which can be ferritic or ‘pearliltic’ depending on the
composition and heat treatment. Specifications in
Tables 1.5 and 1.7 define mechanical properties but
composition falls in a narrow range defined by the
requirements of the malleabilizing process. The tradi-
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Figure 1.6 Variation of tensile strength with section
thickness for grey flake irons

tional European Whiteheart was introduced by
Reaumur in 1722 and American Blackheart by Seth
Boyden in 1820.

Typical compositions are given in Table 1.8. The
composition used is selected to satisfy the needs for
cost effective and good annealability and foundry
production. Increased Si content promotes good and
rapid annealability (short cycle process, Table 1.8)
and improves mechanical strength. However, metal-
lurgical and energy considerations can limit the Si
content®. C and Si contents are adjusted to ensure
freedom from graphite formation on solidification.
However, irons of high Si and low C content require
more feeding, thus reducing the casting yield, and
need high metal temperatures which increase
production costs. Consequently, high C contents are
used for very small section castings, such as pipe
fittings, in order to obtain the required fluidity
without using excessive metal temperatures.

Minor elements are of consequence. Bi and Te
promote white iron formation on solidification and B
and/or Al improve annealability by increasing the
number of graphite clusters. Mn content and the
Mn/S ratio must be controlled to facilitate annealing.
The Mn content may be increased to about 1% to
produce a pearlitic iron and Cu, Ni and/or Mo may be
added to obtain higher strength or to increase wear
and corrosion resistance. The concentration of de-
leterious elements P, Sb, Sn and Cr must be
controlled.
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The Whiteheart process is a combined decarburiza-
tion and graphitization process performed in an
oxidizing atmosphere. This was originally done by
packing castings into iron ore mixtures but more
recently it is carried out in continuous gas ovens
which allow higher temperatures of approximately
1070 °C to be used with shorter annealing times. The
two reactions produce a C gradient in the casting, the
outer layer normally displays a ferritic structure
without graphite and the centre temper C clusters in
a pearlitic matrix. Small castings may be fully decar-
burized and are referred to as weldable malleable
irons.

The Blackheart process involves annealing in a
neutral atmosphere and only graphitization occurs.
Slow cooling after the annealing process results in a
final uniform structure of temper C clusters in a
ferritic matrix. The higher strength ‘pearlitic’ grades
are produced by;

1. increasing the Mn content to = 1%,

2. arrested annealing, quenching and tempering and

3. annealing, reheating and quenching with or
without subsequent tempering.

The latter process, in particular, is very versatile
and the austenite that exists after the graphitizing
process can transform into pearlite, bainite or
martensite to give the wide range of properties
specified for ‘pearlitic’ malleable irons.

The main reason for selecting malleable irons are
low cost and ease of machining. Their uses include car
and agricultural components, pipe fittings, mining
and electrical fittings, valve components, hardware,
tools etc. Malleable irons have limitations in section
size, damping capacity, impact resistance and hot and
cold cracking and warpage.

Spheroidal cast irons

The invention of this iron, also known as ductile,
nodular and spherulitic is usually credited to
presentations made at the American Foundryman’s
Congress in Philadelphia in 1948% although there is
evidence of spheroidal iron picks having been cast in
China over 2000 years ago’’. Rapid developments
occurred in the 1950s followed by increased usage in
the 1960s. As Figure 1.4 shows, production has been
maintained in the last decade despite a fall in the
overall iron production.

A typical spheroidal base iron composition is 3.7%
C, 2.5% Si, 0.3% Mn, 0.01% S, 0.01% P and 0.04%
Mg. Note the higher C.E.V., much reduced S content
and the presence of Mg compared to a flake iron. Mg
or Ce can be used to produce spheroidal graphite but
the former is more adaptable and economical. A
combined addition results in an improved Mg
recovery and allows a reduction in the amount of Mg
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Table 1.7 British specification, BS 6681 (1986) for malleable irons

Type Grade Diameter of Tensile 0.2% PS Elongation % Hardness
test bar Nmm™? Nmm™? minimum maximum
mm minimum minimum
Whiteheart W 35-04 9 340 - 5 230
12 350 - 4
15 360 - 3
W 38-12 9 320 170 I 200
12 380 200 12
15 400 210 8
W 40-05 9 360 200 8 220
12 400 220 5
15 420 230 4
W 4507 9 400 230 10 220
12 450 260 7
15 480 280 4
Blackheart B 30-06 12 300 - 6 150
15 300 - 6
B 32-10 12 320 190 10 150
15 320 190 10
B 35-12 12 350 200 12 150
15 350 200 12
Pearlitic P 4506 12 450 270 6 150-200
15 450 270 6
P 50-05 12 500 300 5 160-220
15 500 300 5
P 55-04 12 550 340 4 180-230
15 550 340 4
P 60-03 12 600 390 3 200-250
15 600 390 3
P 65-02 12 650 430 2 210-260
15 650 430 2
P 70-02 12 700 530 2 240-290
15 700 530 2

Table 1.8 Typical compositions for traditional whiteheart,
blackheart and short cycle blackheart irons

Element  Whiteheart Blackheart Blackheart
(%) traditional traditional short cycle
Total C  3.0-3.7 2.2-3.0 2.35-2.45

Si 0.4-0.9 0.7-1.2 1.5-1.6

Mn 0.2-0.4 0.2-0.5 0.35

S 0.3 maximum 0.05-0.16 0.12

P 0.1 maximum 0.12 maximum 0.05

Cr 0.1 maximum 0.1 maximum 0.1 maximum

bearing modifier used. Mg can be added in several
forms including metal, Ni-Mg, Ni-Si-Mg, Fe-Si-Mg
alloy or Mg coke™. Methods of addition include ladle
transfer, the covered ladle technique, the porous plug
stirring method and the in-mould technique®.
Additions are made shortly before casting in a
quantity sufficient to produce a residual Mg content
of 0.03 to 0.05%. The molten iron must be inoculated

simultaneously with, or subsequent to, the Mg
addition (post inoculation). Mg is a deoxidizer and a
desulphurizer. Consequently, it will only modify the
graphite morphology when the O and S contents are
low. Deoxidizers such as C, Si and Al present in the
liquid iron ensure a low O content but a desulphuriza-
tion process is often necessary to reduce the S content.
Too low a S level in the base iron can decrease the
spheroid count by removing potential nuclei for
graphite formation. Too high a level results in
excessive Mg usage and dross formation. Formulae
are available for calculating the correct Mg addition,
for example;

Mg =
3/4 (initial S content) + residual Mg (0.03-0.05%)
expected Mg recovery

An iron of the composition given above cast into a
medium section sand mould would show a spheroidal
graphite structure in a predominantly ferritic matrix
and satisfy the lower strength grades of the spheroidal



graphite (S.G.) iron specifications. Spheroidal irons
are inferior to flake irons with respect to physical
properties such as thermal conductivity but exhibit
better mechanical properties. They make suitable re-
placements for steel and flake iron, for example in
pipes®®, and are complementary to malleable irons*.
They are less section sensitive than flake irons but are
very sensitive to minor and trace elements, an
influence that can be magnified by segregation during
solidification. Close control must be exercised over
composition during production to ensure cast
structures with acceptable graphite shape and desired
matrix structure. The latter ranges from fully ferritic
to pearlitic or bainitic as-cast (see also Figures 6.22,
6.34, 6.35 in Chapter 6), but, as Figure 1.7 shows, a
much wider range of properties can be achieved by
heat treatment. Although this adds to the cost, some
foundries use heat treatment to produce a wide range
of properties from an iron of fixed composition.
Compositional control cannot be over emphasized
and the complex and interrelated behaviour of minor
and alloying elements in both spheroidal and flake
irons® is, as yet, incompletely understood. However,
its importance is illustrated in the description of con-
siderations in controlling spheroidal iron composition

1500~

—_

-

o

o
T

Tensile strength N mm—2

700 |~

300 1 L
0 5 10 15 20

Elongation %

Figure 1.7 Strength and ductility that can be achieved in
spheroidal irons in the following conditions: a, austem-
pered; b, quenched and tempered; ¢, normalized; d, as-cast
bullseye ferritic; e, as-cast or annealed
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given below. The following structural requirements
have to be satisifed simultaneously;

1. freedom from carbides (chill and intercellular);
2. correct shape and distribution of graphite and
3. required matrix structure

Compositional effects are influenced by the various
steps in the production sequence, for example,
pouring temperature, time and sequence used at each
stage, cooling rate and section size. Considerations
must be modified depending on whether sand or
permanent moulding is being used” and special con-
siderations are required for large castings™.

The first consideration which is often written into
the specification is freedom from carbides in the as-
cast state’>*, Failure in this respect results in areas of
extreme hardness which impair mechanical properties
and can prohibit machining. This necessitates heat
treatment which increases costs and, if not performed
correctly, can lead to distortion. A high liquid graph-
itization potential and effective inoculation reduce the
risk of chill carbide formation. This requirement is
opposite to that required for malleable iron and is
achieved using higher C and Si levels as shown in
Figures 1.2 and 1.8. The need to maintain a minimum
C.E.V. of at least 4.3 is widely accepted as a requisite
for a carbide-free structure and good spheroid
quality. If the C.E.V. is too low, the graphitizing
potential is reduced. A low C.E.V. with a high Si
content to maintain the potential is associated with
excessive shrinkage. A value in excess of 4.65 can lead
to spheroid flotation and degeneracy, particularly in

High impact transition
temperature
3.0}F
® , Graphite
§' A /u’& flotation
= o ¢
é 25 %
= =
8~ 1:)
(L ‘:,, Preferred
© range
Excessive
20 shrinkage N
Tendency for white iron formation
1 1 L 1 J
3.4 3.5 3.6 3.7 3.8 39

C content wt. %

Figure 1.8 Typical C and Si concentration ranges for
spheroidal irons and factors that limit these ranges
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heavy sections®’. Recommended C.E.V.’s for irons of
various thicknesses for sand and permanent moulds
are shown in Figure 1.9.

The second consideration is the choice of C and Si
levels for the chosen C.E.V. This is made with due
regard for the effect of Si on properties. On the credit
side, Si increases the graphitization potential and
refines the graphite distribution. On the debit side, it
promotes ferrite-reducing strength, thus increasing
impact transition temperature and decreasing thermal
conductivity. It also increases ferrite strength, which
is its as-cast ductility and hardness, particularly in the
annealed state. General recommendations for C and
Si levels are given in Table 1.9 when there is no
restriction on either element as may be imposed by the
melting method.

Mn is a moderately strong carbide promoter and
must be limited for this reason. The recommended
level depends on the Si content and section thickness
as shown in Figure 1.10. The carbide forming
tendency of Mn can be countered in thin sections by
increasing the Si content but not in heavy sections
because Mn segregates to cell boundaries whereas Si
segregates negatively to austenite dendrites.

There is a general tendency for graphite-promoting
elements (Si, Co, Ni, Cu) to segregate negatively and
for carbide-forming elements (Mo, Ti, V, Cr, Mn, P)
to segregate positively. The degree of segregation
depends on the element and the solidification

5.2}
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Y
-}
1

»
i
T

1
125

i
25 50 75 100
Maximum casting thickness mm

Figure 1.9 Suggested C.E.V. values for spheroidal iron as
as a function of thickness for: a, sand castings: b,
permanent moulded castings

Table 1.9 General recommendations for C and Si contents
of unalloyed and low alloyed carbide-free spheroidal irons

(after ref. 29, p. 45)

Wall thickness mm As-cast Matrix
Pearliiic Ferritic
minimum  maximum Total C% Si% Total C% Si%
3 3 4.00 375 395 4.00
6 3.70 375 3.65 4.00
12 3.50 375 335 4.00
25 3.20 375 3.15 4.00
50 3.05 3.75 3.00 4.00
75 3.00 3.75 295 4.00
> 100 3.00 375 295 4.00
6 6 3.90 325 375 3.75
12 3.70 325 3.55 3.75
25 3.40 3.25 325 3.75
50 3.25 325 3.10 3.75
75 3.20 3.25 3.05 3.75
> 100 3.20 325 3.05 3.75
12 12 3.85 275 3.0 3.25
25 3.55 2.75 3.40 3.25
50 3.40 275 3.25 3.25
75 3.35 275 3.20 3.25
> 100 3.35 275 3.20 3.25
25 25 3.60 2.50 3.50 3.00
50 3.45 2.50  3.35 3.00
75 3.40 2.50  3.30 3.00
> 100 3.40 2.50  3.30 3.00
50 50 3.60 2.10 3.40 2.75
75 3.55 2.10 3.35 2.75
> 100 3.55 2.10 3.35 2.75
75 75 3.60 2.00 3.40 2.50
> 100 3.60 2.00 3.40 2.50
> 100 > 100 3.60 2.00 3.40 2.50
conditions®. Generally recommended maximum

levels for carbide-forming elements are 0.05% Cr,
0.03% V, 0.003% B, 0.003% Te and 0.01-0.75% Mo.
The higher levels of Mo are for alloying purposes and
are usually balanced by lower Mn additions. Spher-
oidizing elements are also carbide forming elements
and should not be used in excess of that required to
modify the graphite. )

Every S.G. iron producer aims for a fine and
uniform distribution of perfectly shaped spheroids.
This promotes good mechanical properties. Graphite
distribution is conveniently measured as the number
of spheroids per mm?. Distribution and morphology
can be measured metallographically® by using simple
comparator charts, magnetic techniques® and
ultrasonic velocity measurements*'. Spheroid count is
analogous to cell count in flake iron but is usually
much higher. Although increasing C.E.V. increases
spheroid count, high counts are the result of effective
inoculation of a liquid with a high graphitization
potential. Response to nucleation differs from iron to
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iron. In general, the higher the superheat, the poorer
the response. The higher the Si content prior to
treatment, the better the response.

Inoculants also fade, and this places emphasis on
processing time and sequence. In-mould inoculation
has been introduced to overcome fade®®*. Several
classifications of graphite shape exist*. For example,
specification ASTM A247 defines seven basic graphite
morphologies as shown in Figure 1.11. Types I and II
have little effect on iron properties. Alloy specifica-
tions often stipulate an excess of 85% types I and II.
Type III is cluster C often found in malleable iron
after annealing. Type IV is typical of compacted/
vermicular irons. Types V and VI are degenerate
spheroidal shapes that often impair mechanical
properties”. Type VII is flake graphite which is
divided into various types which were described on
page 12.

Spheroid degeneracy is also measured by a shape
factor defined as the ratio between the average cross-
section area of graphite sections and the smallest
circle into which the same average graphite inclusion
can be fitted. Mechanical properties show little cor-
relation with factors between 1.0 and 0.75 but de-
teriorate with decreasing factors below 0.75. Karsay
has criticized the ASTM classification* and considers
a simple microstructural classification, as shown in
Figure 1.12 to be more meaningful. Intercellular flake
graphite is particularly damaging to mechanical
properties. Several trace elements are known to cause
degeneracy. Most of these elements are highly surface
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active and tend to concentrate at interfaces where they
exert a considerable influence on graphite
morphology.

Originally elements were classified into beneficial,
neutral and deleterious as shown in Table 1.10.
Several studies™ have shown that such a classifica-
tion is inadequate. For example, Mg in excess of 0.1%
residual content causes intercellular flakes or flake
projections from spheroids (spiky graphite). Inter-
cellular chunk graphite-promoting elements segregate
during solidification and reach a concentration
sufficient for the formation of flake graphite. This
occurs particularly in heavy sections. Intracellular
chunk graphite forms within cells and the cell
boundaries often contain well formed spheroids. This
defect is found in heavy sections as well. Elements
promoting these two defects are shown in Table 1.11.

The undesirable effect of the flake-promoting
elements can be neutralized by the addition of an
element from column 1 of Table 1.1/ that promotes
chunky graphite (Ce)***. Conversely, chunky
graphite can be eliminated and spheroidal graphite
restored by the addition of elements from column 2.
The elements in the third column cause degeneracy
but do not fit into the same simple scheme.

As our understanding of the nucleation and growth
of graphite increases, it becomes possible to select
minor element combinations for optimization of
structure and properties. For example, a new group of
inoculants that combine the beneficial effects of Bi
and the alkaline and rare earth metals and permit the
use of spheroidizing alloys that do not contain Ce or
mischmetal have been proposed™®'. With these
inoculants, the spheroid count is increased, the
chilling tendency reduced and as-cast ferritic
structures promoted without spheroid degeneracy.

The third consideration is composition control for
matrix structure. The matrix provides strength and
this can be promoted using minor alloying additions
to increase the pearlite/ferrite ratio, to refine the
pearlite or to produce alternative austenite trans-
formation products such as bainite. Irons treated in
this manner are usually referred to as alloyed irons
and are to be distinguished from alloy irons. The
considerations described below apply to flake as well
as spheroidal irons. Alloyed flake irons received more
attention before the development of spheroidal irons
so dramatically increased the strength levels of cast
irons. However, there has been a resurgence of
interest in alloyed flake irons recently, particularly
with respect to efforts being made to reduce the weight
of engineering components and as a means of
overcoming difficulties in producing sound castings.
They may also help avoid chill in low C.E.V. irons by
increasing the C.E.V. and maintaining the mechanical
properties by alloying. Minor and alloying elements
have unique characteristics with respect to solid state
transformations in addition to those already
discussed for the liquid—solid transformation, and all
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Figure 1.11 Seven types of graphite morphology as defined in ASTM A247

characteristics must be considered in selecting the iron
composition. It is not just a question of adding
elements to a base composition, but of their selective
use, often in combinations, to achieve desired strength
with uniform property and machining characteristics
or low section sensitivity’>*2,

The benefits of Si in increasing the graphitization
potential and reducing the tendency for chill
formation are known but, in general, Si has a negative
effect on strength. It promotes ferrite in addition to
increasing the C.E.V. and reduces pearlite strength by
increasing the formation temperature and coarsening
the structure. Mn in excess of that required to balance
S retards ferrite formation by delaying nucleation and
slowing growth. It is a strong pearlite promoter
because it stabilizes austenite by increasing the C
solubility and it moderately refines pearlite. However,
Mn is not used primarily for strengthening because it

can affect nucleation adversely and segregates
strongly, causing intercellular carbide formation.

Cr promotes pearlite in a similar way to Mn. Un-
fortunately, it is also a potent chill and carbide
promoter. Whilst Si and inoculation may be used to
eliminate chill, carbide is not easily prevented, par-
ticularly, the formation of intercellular carbides. Sn
(0.04-0.1) and Sb ( < 0.03%) have specific characteris-
tics as excellent pearlite promoters. These elements
provide a barrier to C diffusion and their effect is so
potent that they produce a pearlitic matrix in irons
with a fine graphite distribution. However, this is their
only role and excess additions can lead to embrittle-
ment. Cu, like Sn, retards C diffusion thus promoting
pearlite formation. It only refines pearlite weakly.
However, in combination with elements such as Mo it
has a much greater hardenability effect. Cu is also a
graphitizer and can be used in partial replacement for
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Figure 1.12 Undesirable graphite structures in spheroidal irons; (a), quasi-flake; (b), intercellular flake; (c),

chunky graphite; (d), exploded graphite; (after ref. 29, p. 127)

Table 1.10 The influence of minor elements on spheroid
structure

Beneficial Neutral Deleterious
Mg, Ce, Ca Fe, Si, Ni Al, Sb, As
and other Mo, C Bi, Pb
spheroidizers

Si to minimize chilling tendencies without promoting
free ferrite. Ni behaves in a similar way to Cu but is
only a weak pearlite promoter. Mo is a potent hard-
enability element and combines synergistically with
Cr, Cu and Ni to provide enhanced hardenability. It
retards pearlite formation more than ferrite
formation and this can promote ferrite formation in
heavy sections. This is why Mo is usually used in
combination with pearlite-promoting elements. V is a
potent hardenability element and a mild pearlite
promoter. However, it is the strongest chill and car-

bide-forming element and can only be used in low
concentrations ( < 0.3%).

Graham* has discussed the implementation of the
above considerations for large section spheroidal iron
castings. Details are given for a 14500kg flywheel
casting made to ASTM specification 80/60/03 or BS
(2789) 600/3 grade. Table 1.5 (part 3) recommends the
following concentrations of main constituents; 3.0%
C minimum, 3.0% Si maximum, 0.08% P maximum,
0.05% S maximum.

Table 1.11 Minor elements promoting chunky, intercellular
and degenerate spheroidal graphite structures

Chunky Intercellular Deleterious
fake

Ce, Ca Bi, Cu, Al Zr, Zn, Se

Si, Ni Pb, Sb, Sn Ti, N, S,
As, Cd (o)
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Table 1.12 Composition and mechanical properties of three spheroidal iron flywheel castings (after ref. 34)

Castings C Mn Si S P Ni Cr Mg Cu
1 3.54 0.50 1.75 0.004 0.036 1.2 0.061 0.04 1.0
2 3.57 0.36 1.55 0.004 0.056 1.1 0.06 0.048 0.98
3 3.36 0.56 2.65 0.004 0.03 0.13 0.06 0.025 0.58
U.T.S. (Njmm?) P.S. (Nimm®) Elongation %
1 730 448 3
2 796 447 5
3 415 400 1

More detailed considerations resulted in the choice
of composition shown for castings | and 2 in Table
1.12. With reference to Table 1.9 and for section
thicknesses between 10 and 25 cm, the recommended
Cis 3.4 to 3.6% and the recommended Si is 2.0 to
2.5%. This gives a C.E.V. of approximately 4.3, which
will avoid graphite flotation and satisfy Figure 1.9.
S, Ce, P, Mn, Cr, V and Ti are all deleterious elements
in large section spheroidal iron castings and careful
selection of raw materials is necessary to avoid in-
troducing these and other trace elements. Limitation
of the Mn content to 0.2% as suggested in Figure 1.10
is difficult if steel scrap is used in the charge.

Differences in composition and properties are
evident between castings 1 and 2 in Table 1.12.
Casting 1 was made from an all steel scrap charge and
casting 2 from a charge containing 70% pig iron.
Casting 3 is a larger section (approximately 40cm)
casting made with a Ce bearing alloy. The graphite
was degenerate and intercellular carbides were present
reducing the tensile properties as shown in Table 1.12.
Hence care was taken with the flywheel casting not to
use Ce bearing alloys even in the spheroidizing
treatment because insufficient trace elements were
present for the Ce to neutralize.

Under these conditions the Ce will produce chunky
or exploded graphite. A pearlitic matrix is required to
satisfy the mechanical properties and Cu was added
for this purpose. Ni is a mild pearlite promoter but is
present as a result of having been used as a carrier for
Mg. Melting was performed in two induction furnaces
over a five hour period. This allows considerable
opportunity for adjustment of C and Si levels.

The melt-out composition must be higher in C and
lower in Si to allow for the compositional changes
that occur during the melt-conditioning treatments of
desulphurization, spheroidization and inoculation.
Desulphurization is a pre-requisite for the production
of high quality, sound castings. Levels of approxim-
ately 0.01% were readily achieved using the porous
plug method. Good response to inoculation requires
a minimum Si content of 1.0%. With this melt-out
composition a maximum of 1.8 MgFeSi alloy
containing 50% Si could be added for inoculation and
spheroidization and still allow a post-inoculation

treatment without exceeding 2.1% Si. However, this
addition of Mg was not sufficient to fully spheroidize
the structure, and alternative alloys Ni-Mg and Cu-
Mg were used for spheroidizing.

As the characteristics of various elements are
defined it is becoming apparent that irons are often
overalloyed and correct compositional choice often
results in a lower alloy content. For example, Si
reduction in the base composition while still main-
taining C.E.V. can have far reaching effects in
reducing alloying additions and cost.

Compacted|vermicular irons

This iron, also referred to as quasi-flake, pseudo
nodular, upgraded chunk and semi-ductile, was
originally considered as a degenerate form of
spheroidal iron and it is only recently that it has been
accepted commercially and used to fill the mechanical
and physical property void between flake and
spheroidal irons. Compacted graphite takes the form
of blunt edged stubby flakes that are interconnected
within the eutectic cell (see also Figures 6.10-6.12 in
Chapter 6). A compacted iron exhibits superior tensile
strength, stiffness and ductility, fatigue life, impact
resistance and elevated temperature properties
compared to a flake iron with a similar matrix
structure™ ¥,

Some of these properties are compared in Figure
1.13 and Table 1.13. The interconnected graphite
imparts physical properties similar to those of flake
irons. The machinability and thermal conductivity are
superior to spheroidal irons and, as is evident
from Figure 1.14, the combination of resistance to
crazing, cracking and distortion is superior to either
spheroidal or flake irons. A secondary shrinkage of
0.0052¢cm/cm  compared to 0.0083cm/cm  for
spheroidal irons means that the feeding requirements
are less exacting than for spheroidal irons. This has
led to the use of compacted irons for thick section,
heavily-cored castings which require high strength,
such as hydraulic valves.

However, it is the combination of physical and
mechanical properties that makes compacted irons an
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Figure 1.13 The influence of graphite morphology on the
stress-strain curve of several cast irons

ideal choice for several applications. Their greater
resistance to cracking compared to flake irons and
better resistance to distortion than spheroidal irons
makes them suitable for ingot moulds. Good elevated
temperature properties have resulted in their use for
cylinder heads, exhaust manifolds, brake drums, discs
and piston rings. For example, a pearlitic compacted
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iron was used to reduce a severe thermal fatigue
problem encountered with a grade 260 flake iron disc
brake during the development of British Rail’s
200 km/h high speed train®.

Specifications for compacted irons have been
discussed but, as yet, not defined because of the
limited applications for these irons. In general, their
inferior mechanical properties and similar production
costs to spheroidal irons will limit their use as a re-
placement for spheroidal irons to cases in which their
combined properties are superior. Likewise, the lower
production costs of unalloyed flake irons will ensure
their continued use. However, where greater strength
is required, compacted irons offer a viable alternative
to the more expensive alloyed flake irons.

The commercial exploitation of this latest member
of the cast iron family depends on successful graphite
morphology control in the foundry”. Flake graphite
must be avoided and spheroidal graphite limited to
10-20%. The degree of graphite compaction is
influenced by composition, section size and the
process used for graphite structure control. If the
C.E.V. increases above 4.4, the amount of spheroidal
graphite increases rapidly. Consequently, the C.E.V.
should be restricted to about 4.0 before treatment.

Several methods have been used for graphite
compaction. N (~0.015%) produces compaction in
heavy sections® and it increases strength without
structural modification in thin sections. Until recently
the addition of controlled amounts of N has been
difficult. However, this can be achieved with ladle
additions of nitrided ferro-manganese (80% Mn; 4%
N) with a yield of about 40%. Compaction may occur

Table 1.13 Tensile design stresses at various temperatures and creep and stress to rupture data for various cast irons at

350 °C (after ref. 56)

Maximum tensile design stress

Temperature Compacted Flake graphite Spheroidal
°C graphite Gr 260 graphite 600/3
Nmm™? Nmm™? Nmm=?
20 103 66 148
100 94 57 133
200 89 60 130
300 92 63 130
Basis for 0.38 x 0.1% P.S. 0.35 x 0.1% P.S. 0.45 x 0.1% P.S.

design stress

Creep and stress to rupture at 350°C
stress (Nmm~2) for creep strain or rupture

in 10000 h
Creep strain Grey Pearlitic Ferritic Pearlitic Pearlitic
or rupture iron malleable spheroidal spheroidal compacted
0.1% 100 114 159 178 136
0.5% 165 222 195 270 193
1.0% - 247 210 297 216
Rupture 182 292 264 370 259
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Figure 1.14 Comparison of the performance of heavy
section irons of different matrix structure in the BCIRA
distortion test (after ref. 56)

unintentionally when large proportions of steel are
included in cupola charges and when high N
carburizers and steel scrap-based charges are used in
electric melting.

Disadvantages of N treatment include difficulty in
producing uniform structures in castings with varying
section size and the occurrence of unsoundness and
fissure defects with excessive N. The effectiveness of N
can be controlled by adjusting the Ti and Al levels in
the iron. The more commonly practised commercial
processes use either Mg or rare earths as an effective
spheroidizing agent and rely on either the co-addition
of an anti-spheroidizing agent such as Ti or the
addition of a controlled amount of spheroidizer®'.

A spheroidizing undertreatment using Mg alone
has been used for compacted iron production.
However, this presents practical difficulties in con-
trolling fading and overcoming the environmental
effects accompanying its addition to molten iron. This
method represents a very unstable situation in that
slight fluctuations in S content (see Figure 1.15) or in
residual Mg content (see Figure 1.16) promote either
flake or spheroidal graphite. Schelleng™, Dawson and
Evans®, Lalich®% and Loper and co-workers®®®’
have shown that the narrow band of Mg concentra-
tion (~0.005%) that produces compacted irons can
be extended by adding 0.08 to 0.1% Ti, which is an
anti-spheroidizing element. Additions of Ce were
found to be necessary to produce the compacted
structure.

Mg additions' are usually made through a Ce
bearing Mg ferrosilicon alloy which may or may not

Ce mischmetal

Mg — Ti — Ce — (Ca)

Mg — Ce — (Al — Ca)

1 1
0 0.04 0.08 0.10
Base S content %

(b)

Figure 1.15 (a) Comparison of S ranges for different
compacted iron production methods; (b) S ranges for the
successful production of compacted irons using different
compacting agents (after ref. 55)

incorporate the Ti addition. With both Mg and Ce
present, Ce is the first to desulphurize, leaving the Mg
free to produce compacted graphite. Ca acts in a
similar manner and has been incorporated into a
proprietary alloy in order to introduce a certain
degree of insensitivity regarding the dependence on
the Mg/S relationship. A commercially available alloy
contains 4-5% Mg, 8.5-10.5% Ti, 4.0-5.5% Ca, 1.0—
1.5% Al, 0.2-0.5% Ce, 48-52% Si and the balance
Fe.

The iron can be treated using the techniques
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Figure 1.16 a, Changes in the structure of grey irons with
Mg additions; b, Tensile strength change with Mg
additions for a grey pearlitic iron; ¢, Change in structure
with a Mg-Ti-Ce addition (after ref. 53)

described previously for spheroidal irons, including
the in-mould technique®®. A ladle inoculant is
usually added and the S content should not exceed
0.035%. Between 0.6 and 1.6% of the alloy should be
added depending on the addition method, S content
and temperature. Although Figure 1.17 suggests an
insensitivity to S content, a S-dependent alloy
addition is necessary to ensure a structure containing
> 80% compacted graphite. Although this method is
used extensively, particularly in the USA, it suffers
from the disadvantages of section sensitivity, a
tendency to form spheroids in thin sections and Ti
contamination of returns.

General Motors have demonstrated that
compacted irons can be produced from high S iron
(0.07-0.13%) using a Mg—Ce—Ca—Al alloy™. Alloying
additions of up to 1.8% are required depending on the
S content (see Figure 1.18). Close control over
treatment temperature (1475 to 1510 °C) is necessary.
The numerous sulphide particles resulting from the
high S level create graphite nuclei and inoculation is
not required for unalloyed irons. However, post in-
oculation is recommended for low C.E.V. alloyed
irons. Similar studies conducted in Austria in the
1970s did not lead to a recommendation for the use of
post inoculation because of the risk of slag inclusions
and graphite degeneracy in larger castings®.

The production of compacted irons by adding only
Ce mischmetal to a low S iron is used extensively in
Europe and is based on original research by Morrogh
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Figure 1.17 Influence of base S level on graphite structure
in 10-cm diameter bars showing the improvement
obtained when using a compacting agent incorporating
Ca; a, early agent; b, agent containing Ca (after ref. 55)

and Williams”. The advantages of this method are
that Ce can be added easily by a single ladle addition
without problems from fume and flare and without
the risk of scrap contaminations. Ce in amounts
between 0.02 and 0.05% promotes compacted
graphite in a low S iron. Knowledge of the S level is
critical because at any S level there is a narrow range
of Ce that produces compacted graphite. Production
is facilitated if the S content is reduced below 0.01%.
Excessive Ce has a powerful chilling effect. Strong
final inoculation with ferrosilicon may be used to
ensure carbide-free castings and such a step is usually
necessary in thinner castings. An excess of Ce in the
presence of inoculants will form spheroidal graphite,
which itself may be undesirable. It is difficult to obtain
a fully pearlitic as-cast structure with Ce. Therefore,
additions of Sn, Sb or Cu may be necessary.

The effect of the rare earth element balance in the
addition has been examined in an attempt to reduce
chilling tendency’”. Treatment of a melt with a
balanced ratio of Ce and La decreases the chilling
tendency, but this benefit is restricted to a narrow
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Figure 1.18 S range for high S compacted graphite iron
production with a Mg—Ce-Al-Ca addition (after ref. 70)

alloy addition range. An alternative approach has
been described using a Fe-Si~Ce—Ca alloy™. Whereas
Ce is a spheroidizer and carbide-former, Ca is a spher-
oidizer and a graphite-promoter. This alloy addition
decreases section sensitivity and the tendency to form
spheroids in thin sections.

Special purpose white and alloy cast
irons

These irons differ from the alloyed irons described in
previous sections because they contain a greater alloy
content (> 3%) and cannot be produced by making
ladle additions to irons of a standard base com-
position. They can be divided into graphite-free and
graphite-bearing alloys, as shown in Figure 1.19 and
are noted for their corrosion, elevated temperature,
and wear and abrasion resistance properties.

Corrosion resistant alloys

Although unalloyed grey irons exhibit reasonable
corrosion resistance, particularly in alkalies, the
special duty high Ni (Ni-resist), high Ni-Si
(Nicrosilal), high Si and high Cr irons offer outstand-
ing corrosion resistance in appropriate media. The
microstructures of these irons are illustrated in
Chapter 6, Figures 6.37, 6.39, 6.40 and 6.41.

The austenitic Ni-resists are produced with flake or
spheroidal graphite; the latter offer superior
mechanical properties but are more expensive. The Ni
(13-36%) and Cr (1.8-6%) concentrations are varied
depending upon the nature of the corrosive environ-
ment. Important uses include gear pumps for the

l

Graphite free

Pearlitic Martensitic High Cr iron

white iron white iron {(17—33 % Cr)
{Ni-hard)

Wear Wear Wear, corrosion

resisting resisting and heat resisting

BS 4844 (1986)

Graphite bearing

Ferritic Austenitic Acicular
High strength
wear resisting

18% Ni 18% Ni 5% Si
Ni-resist Nicrosilal

Corrosion and Heat and
heat resisting corrosion resisting

BS 3468 (1986)

5% Silicon iron (Silal)

heat resisting

High (15%) silicon iron
corrosion resisting
BS 15691 (1949)

Figure 1.19 The family of special purpose white and alloy cast irons



processing and transport of sulphuric acid, pumps
and valves in sea water applications, components used
in steam services and in the handling of alkali, caustic
and ammoniacal solutions and for the pumping and
handling of sour crude oils in the petroleum industry.
The spheroidal Ni-resists provide excellent resistance
to cavitation erosion under severe conditions’.

High Siirons containing between 14.20 and 14.75%
Si have excellent resistance to corrosion in sulphuric
and nitric acids at all temperatures and concentra-
tions but, unlike the Ni-resists, they have the disad-
vantage of being brittle and can only be machined by
grinding. Their corrosion resistance in hydrochloric
and hydrofluoric acids is poor. Resistance to attack in
hydrochloric acid can be improved by increasing the
Si content to 16-18% or by adding 3-5% Cr or 3-4%
Mo to the base alloy. High Cr (30%) irons are the
only ones which may be considered to be stainless
under atmospheric conditions. A passive film
develops under oxidizing conditions and this confers
resistance to nitric acid attack at all temperatures up
to boiling point and all concentrations up to 70%.
The alloy is machinable provided the C content is
limited to 1.5%.

Heat resisting alloys

Cast irons intended for critical engineering applica-
tions at high temperatures must exhibit good high
temperature mechanical properties, structural
stability, oxidation resistance and resistance to
growth, which is a phenomenon unique to grey cast
iron that is caused by structural decomposition and
internal oxidation’ . Table 1.14 shows a selection of
irons used for heat resisting applications. Unalloyed
grey irons give satisfactory service up to about 500 °C
for applications such as fire-grates, fire-backs and
grate-bars, where growth and scaling can be tolerated.
Minor alloying additions such as Cr and Mo improve
performance for critical engineering applications'?.
The choice of iron type and composition is usually
a compromise to provide an optimum combination of
properties for the particular application. Ingot
moulds, cylinder heads and exhaust manifolds fall
into this category®. Local temperatures between 800
and 900°C are generated at the metal-mould
interface during ingot casting. Temperature differen-
ces in the mould can exceed 300 °C and induce severe
thermal cycling. High thermal conductivity flake grey
irons (3.6-3.9% C, 1.5-2.4% Si, 0.4-0.8% Mn)
minimize the thermal stresses that develop. Damage
to the mould manifests itself in the form of heat
checking on the inside surface followed by extensive
vertical cracking. This is the result of oxidation and
structural change. The ferrite-pearlite matrix is aus-
tenitized and retransformed to fine pearlite in each
cycle. Oxidation occurs at the interface after stripping
and is followed by decarburization and scaling.
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Mould life can be extended by 20-40% by alloying
with Mn. A suitable composition is 4.2-4.5% C, 0.8—
1.2% Si, 1.2% Mn. The increased Mn stabilizes the
matrix structure and the pearlite is spheroidized
rather than ferritized. However, care is necessary in
balancing the composition in order to avoid
premature cracking.

An alternative approach adopted more recently is
the use of compacted irons. The combination of
properties indicated in Figure 1.14 produces a
stronger mould than one made of flake iron and one
that is more resistant to distortion than a spheroidal
iron mould. Spheroidal irons have a lower thermal
conductivity, higher elastic modulus and greater
tensile strength than flake irons. This means that
although higher thermal gradients lead to higher
induced thermal stresses, spheroidal iron moulds are
more crack resistant. However, their yield and creep
resistance are insufficient to resist the higher thermal
stresses. Mould life is limited by bulging, particularly
in larger moulds.

Similar reasoning controls the selection of irons for
exhaust manifolds. Thermal stresses are induced
because the manifold is bolted to the cooler engine
block and is under thermal restraint as well as because
of temperature differences induced by gas flow and air
cooling. Structural stability and oxidation are less of
a problem at temperatures below 600°C and
unalloyed or Cr-alloyed flake irons with a medium C
content give satisfactory service. However, these
alloys suffer from thermal cracking and oxidation
with higher exhaust temperatures. This can be
countered by increasing the C content to 3.5-3.6%
and introducing small concentrations of Cr and Mo.
Ferritic spheroidal irons have been introduced to cope
with more severe conditions but distortion can lead to
difficulties in remounting manifolds.

The special alloy cast irons are usually specified
when service conditions are more severe. There are
four main types:

1. Ni-resists which rely on Ni, in combination with
Mn and Cu, to produce a stable austenitic matrix
and Cr in combination with Ni to form an effective
oxidation resistant scale;

2. Intermediate Si irons with a stable ferritic matrix
and excellent oxidation resistance at high tem-
peratures;

3. Al-alloyed irons which exhibit good oxidation
resistance and

4. High Cr white irons in which Cr provides excellent
oxidation resistance.

The Ni-resists combine corrosion resistance with
heat resisting properties. American and British speci-
fications for flake and spheroidal irons differ slightly
and are given in Tables 1.15 and 1.16, respectively.
Grade 1 Ni-resist is not available with spheroidal
graphite because the high Cu content, which supple-
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Table 1.15 Summary of USA specifications for flake and spheroidal high alloy cast irons

Flake Irons

Specification Grade Total C  Si Mn Ni Cr Cu S P Uses
ASTM 1 1.0 05 135 1.5 55 Minimum  valve guides, insecticide
A436-78 3.0 20 15 175 25 7.5 0.12 Maximum pumps, flood gates
Ib 1.0 0. 135 25 55 Minimum sea water valve and
3.0 20 15 175 35 7.5 012 Maximum pump bodies
2 1.0 0. 180 L5 Minimum  pump impellers, pump
3.0 20 15 220 25 05 0.2 Maximum casings, plug valves
2b 1.0 0. 18.0 3.0 Minimum caustic pump casings
3.0 20 15 220 60 05 0.12 Maximum valves
3 1.0 0. 280 25 Minimum turbocharger housings
2.0 2.0 1.5 320 35 0S5 0.12 Maximum stove tops, caustic pumps
4 50 0. 29.0 4.5 : Minimum range tops
2.0 60 1.5 320 55 05 012 Maximum
S 1.0 0. 34.0 Minimum glass rolls and moulds
2.4 20 1.5 360 01 05 0.2 Maximum machine tools, gauges
6 1.5 o 180 1.0 3.5 Mo  Minimum
3.0 25 1.5 220 20 55 012 1.0 Maximum valves
AS518-80 0.7 14.2 Mo  Minimum pumps and piping for
1.1 1475 1.5 0.5 05 0.5 Maximum corrosive liquids
Tensile strength  B.H. Impact Expansion Thermal conductivity
Nmm™? J30mm  per°C x 10° Wm k™!
minimum unnotched
A436-78 1 172 131-183 136 19.3 41
1b 206 149-212 108 19.3 41
2 172 118-174 136 18.7 41
2b 206 171-248 81 18.7 41
3 172 118-159 203 12.4 40.2
4 172 149-212 108 14.6 38.8
5 206 99-124 203 5.0 40.2
6 138 124-174
Total C  Si Mn P Ni Cr Uses
ASTM D2 1.5 0.7 18.0 1.75 Minimum valve components in petroleum,
A439-80 3.0 3.0 1.25  0.08 22,0 275 Maximum salt water and caustic
D2-B [.5 0.7 18.0 275 Minimum turbocharger housings
3.0 3.0 1.25 0.08 220 4.0 Maximum
D2-C 1.0 1.0 21.0 Minimum  electrode guide rings, steam
29 3.0 2.4 0.08 240 0.50 Maximum turbine dubbing rings
D3 1.0 280 2.5 Minimum  turbocharger nozzle and
2.6 2.0 1.0 0.08 320 35 Maximum  housings, turbine diaphrams
D3-A 1.0 280 1.0 Minimum  high temperature bearing rings
2.6 238 1.0 0.08 320 15 Maximum
D4 5.0 280 4.5 Minimum  diesel engine manifolds
2.6 6.0 1.0 0.08 320 55 Maximum
D5 1.0 34.0 Minimum  gas turbine shroud rings,
2.4 2.8 1.0 0.08 360 0.1 Maximum  glass rolls
D5-B 1.0 340 2.0 Minimum  optical system parts for
2.4 2.8 1.0 0.08 36.0 3.0 Maximum dimensional stability
D5-5 1.7 49 0.4 340 1.8 Minimum
2.0 5.4 0.7 0.08 360 20 Maximum
AST1-71 D2-M 2.2 1.5 3.75 21.0 Minimum  pressurized components matrix
2.7 2.5 4.5 0.08 240 0.2 Maximum  stable to —230°C
uUs MIL + 24 1.8 0.8 18.0 1.7 Minimum  shipboard use and
Military 24137 3.0 32 1.5 0.20 220 24 Maximum  propellers; heat, corrosion
2.7 2.0 1.9 20.0 Minimum  shock resistance and

3.1 3.6 2.5 0.15 230 05 Maximum non magnetic.
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Table 1.15 Continued

Tensile strength B.H. Elongation % Impact J
(min) Nmm™?
ASTM D2 400 139-202 8 16.3
A439-80 D2-B 400 148-211 7 13.6
D2-C 400 121-171 20 40.0
D3 380 139-202 6 9.5
D3A 380 131-193 10 19.0
D4 414 202-273 - -
D5 380 131-185 20 23.0
Ds5-B 380 139-193 6 8.1
D2-M 440 121-171 30 -

ments the Ni content and provides a high level of
corrosion resistance interferes with spheroidization. A
major use of this alloy is for piston ring inserts. Its
coefficient of expansion is very similar to that of the Al
alloy used for pistons. The harder, more wear resistant
Ni-resist inserts withstand the constant rubbing and
pounding at the elevated temperatures far better than
the Al alloy. Grade 2 is the most commonly used alloy
in corrosive environments and for heat and oxidation
resistance up to 700 °C. Grade 3 offers good thermal
shock resistance and erosion resistance in wet steam
and corrosive slime. Grade 4 has higher Si and Cr
contents and is superior in its resistance to erosive,
corrosive and oxidizing atmospheres.

Grade 5 has minimum thermal expansion and good
dimensional stability. It displays superior shock
resistance up to 430°C. The Si and Cr contents are
adjusted to suit the application. For example, type D
4 contains between 5 and 6% Si and 4.5 to 5.5% Cr.
It shows good oxidation resistance but relatively poor
mechanical properties and, because of carbide present
in the microstructure, is not structurally stable under
thermal cycling conditions. On the other hand, grade
D 5B does not suffer these limitations. However, it
does not have adequate resistance to oxidation,
growth and scaling at the highest temperatures.
Consequently, a new alloy grade D 58, based on D 5B
but with an increased Si content has been introduced
recently. This alloy exhibits oxidation resistance
similar to that of a 25% Cr—20% Ni heat resisting cast
steel. It also has good elevated temperature
mechanical properties and a high resistance to
thermal shock.

It is suitable for applications such as turbo-charger
casings, manifolds, hot forming dies and jet engine
components with operational temperatures exceeding
850°C'®. However, Cox has warned of a possible
instability of the high Si austenite matrix at inter-
mediate temperatures® . The low Mn and Cr grade 2
spheroidal irons are prone to cracking in the heat-
affected zone on welding. This has been attributed to
a decrease in the ductility at welding temperatures and
has been overcome® by limiting P to 0.025% and
controlling the Mg and Si contents according to

Si% + 75Mg % < 7.5.

A new iron, designated D 2W, which is less prone
to cracking and which can be repair welded has been

introduced into some standards. When applications
require low creep rates whilst sustaining high stress
levels at higher temperatures, the standard grades of
Ni-resist are alloyed with up to 1% Mo. The effect of
a 1% Mo addition on stress rupture properties is
shown in Figure 1.20. A further improvement in
properties can be gained by adding 0.015% B to the
Mo alloyed iron.

Flake and spheroidal ferritic irons containing 4 to
6% Si offer suitable alternatives for many high tem-
perature applications at relatively low cost. Si
increases oxidation resistance continuously up to 6%,
first of all by forming a resistant oxide film and then
a silicate film which provides resistance to the
transport of O atoms into the metal and to the
diffusion of metal atoms towards the surface. Si raises
the critical temperature at which ferrite transforms to
austenite (~970°C with 6% Si) thereby expanding
the useful temperature range of application with
respect to resistance to growth. Si also strengthens
ferrite, but in amounts exceeding 5% it reduces
toughness and increases the brittle ductile transition
to above room temperature. Hence, the Si content is
controlled within the range 4-6% to optimize
properties. As the Si content is increased from 4 to
5%, the C content is decreased from 3.8 to 2.9% in
order to retain a hypoeutectic composition and avoid
primary graphite formation.

The flake iron Silal was one of the earliest heat
resisting alloys developed®. The advantages of a high
critical temperature, a ferritic matrix and a fine under-
cooled type D graphite provide excellent growth and
scaling resistance. Silal is machinable, but is brittle at
room temperature. However, at temperatures
exceeding 260°C it has a toughness comparable to
other cast irons.

The spheroidal grades of the 4-6% Si irons are
popular because the higher strength and greater
ductility qualify them for more rigorous service. They
are predominantly ferritic as-cast but, on occasions,
contain small quantities of eutectic carbide and
pearlite. Annealing is often used to minimize any
adverse effect of these constituents on mechanical
properties. Some manufacturers prefer to use a sub-
critical anneal at 790 °C which develops superior high
temperature properties with only a small sacrifice of
ductility. Si irons can be alloyed with 0.5 to 2.0% Mo
to combine adeauate room temperature strength and
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Table 1.16 British specification, BS 3468 (1986) for flake and spheroidal high alloy cast irons

Flake Austenitic

Grade C% Si% Mn% Ni% Cu% Cr% Nb% P% Mg%
Fl1 1.5 0.5 13.5 5.5 1.0 - - - minimum
3.0 2.8 1.5 17.5 7.5 2.5 - 0.2 - maximum
F2 1.5 0.5 18.0 1.5 - - minimum
3.0 2.8 1.5 22.0 0.5 2.5 - 0.2 - maximum
F3 1.5 0.5 28.0 2.5 - minimum
2.5 2.8 1.5 320 0.5 3.5 - 0.2 maximum
Grade Tensile strength(Nmm™=?) B.H. Elongation % Thermal Conductivity
Wm- 'K~
F1 170-240 140-220 1-2 3842
F2 170-240 140-220 1-3 38-42
F3 190-250 150-230 1-2 3842
Spheroidal Austenitic
Grade C% Si% Mn% Ni% Cu% Cr% Nb% P% Mg%
S2 1.5 0.5 18 1.5 - minimum
3.0 2.8 1.5 22 0.5 2.5 - 0.08 - maximum
S2B 1.5 0.5 18 2.5 - minimum
3.0 2.8 1.5 22 0.5 35 - 0.08 - maximum
S2C 1.5 1.5 21 minimum
3.0 2.8 2.5 24 0.5 0.5 - 0.08 - maximum
S2M [.5 4.0 21 minimum
3.0 2.5 4.5 24 0.5 0.2 - 0.08 - maximum
S2w 1.5 0.5 18 1.5 0.12 minimum
3.0 2.2 1.5 22 0.5 2.2 0.20 0.05 0.06 maximum
S3 1.5 0.5 28 2.5 - - minimum
2.5 2.8 1.5 32 0.5 3.5 - 0.08 - maximum
SsS 4.8 34 1.5 - minimum
2.2 5.4 1.0 36 0.5 2.5 - 0.08 - maximum
Sé6 1.5 6 12 - minimum
3.0 2.8 7 14 0.5 0.2 0.08 - maximum
Grade Tensile strength B.H. Elongation % Impact J (10 mm specimen)
(Nmm™) minimum
S2 370490 140-230 7-20 -
S2B 370-490 140-230 7-20 4
S2C 370 minimum 140-220 20 minimum 20
S2M 420 minimum 160-250 25 minimum 15
S2wW 370490 140-200 7-20 -
S3 370490 140-230 7-20 -
SsS 370-470 130-180 7-20 -
Sé6 390 minimum 120-200 15 minimum -
Matching specifications
BS 3468 Fl A436 1 and 1B
F2 2
F3 3
S2 A439 D2
S2B D-2B
S2C D-2C
S2M A571 D-2M
S2W - -
S3 A439 D-3
S5S D-5S
S6 -

S2W special welding grade

S$2M room temp. mechanical properties
retained at low temperatures
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Figure 1.20 Stress rupture data at 700 °C for: a, type D-2
Ni-resist with 1% Mo; b, type D-2 Ni-resist; ¢, 4% Si
spheroidal iron with 2.5% Mo; d, 4% Si spheroidal iron
with 1.0% Mo; e, 4% Si spheroidal iron with 0.5% Mo; f,
4% Si spheroidal iron. The 4% Si irons were subcritically
annealed at 850 °C (after ref. 85 and 86)

ductility with good high temperature strength and
oxidation resistance. The effect of Mo on tensile
properties is illustrated in Figure 1.21%. Figure 1.20
shows that creep rupture strength increases con-
tinuously with increasing Mo addition but the
greatest increase occurs with 0.5 and 1.0%
additions®*’.

Although the mechanical properties of alloyed Si
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Figure 1.21 The effect of Mo on the tensile properties of
4% Si spheroidal iron at 705 °C after annealing at 790 °C
(after ref. 84)

irons are inferior to those of alloyed Ni-resists, their
lower cost, low creep rate in the temperature range
700-820 °C and good resistance to oxidation make
them suitable for various applications below their
critical temperature. The 4% Si-0.6% Mo alloy is
used in turbo-charger castings and the 1% Mo alloy
is used in exhaust manifolds, gas turbine components,
glass moulds and industrial furnace parts.

Al alloyed cast irons of commercial interest fall into
two categories, alloys containing up to 6% Al and
those containing between 18 and 25% Al. Al increases
the graphitization potential in both of these com-
position ranges such that grey iron forms on solidi-
fication. Alloys are produced with flake”
compacted®® and spheroidal® graphite. Al largely
replaces Si in the low concentration alloys. The idea of
substgltuting Al for Si was first conceived by DeFrancq
et al’”.

Advantages to be gained include higher tensile
strength, better resistance to thermal shock, high
graphitizing tendency and low chilling tendency,
which enables thinner sections to be cast. Al stabilizes
pearlite during the eutectoid transformation. The low
Al irons exhibit good scaling resistance coupled with
good machinability. Suggested uses” include exhaust
manifolds, turbo-charger housings, disc brake rotors,
brake drums, cylinder liners, camshafts and piston
rings. Al is present in addition to the normal Si
content in the higher concentration range and these
alloys exhibit good mechanical properties with
superior scaling resistance at high temperatures.
These characteristics have been described by Petitbon
and Wallace” and Yaker et al.**. The influence of Al
on oxidation resistance is indicated in Figure 1.22.
The influence of Al on the tensile properties of flake
and spheroidal irons is given in Table 1.17 and stress
rupture curves are shown in Figure 1.23.

The elevated temperature properties of Al alloyed
irons can be improved further by alloying with Mo.
Dickenson® has shown the improvement obtained in
5% Al flake and spheroidal irons by adding 2% Mo
(see Table 1.18). Sponseller ez al.*® have shown that a
spheroidal iron alloyed with 4% Si, 0.5-1.0% Al and
2% Mo is suitable for applications in the temperature
range 650-820°C that require good oxidation
resistance, good structural stability and high strength
at elevated temperatures. These alloys do not suffer
from some of the casting difficulties experienced with
5% Al alloys. Spheroidal irons containing 5.5% Al,
3.0% Si and 2.0% Mo have been suggested for ap-
plications at temperatures above 820 °C. A consider-
able reduction in oxidation resistance at 925°C was
reported for alloys containing only 2.0% Si.

Al alloyed irons have not been exploited fully
because of difficulties encountered during casting. The
formation of dross can be a severe problem but clean
castings can be obtained®*® by flushing the system
with inert gas prior to pouring. The careful use of slag
traps and gating systems, which prevent turbulence in
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Figure 1.22 The effect of Al content on the oxidation of
grey irons in air at various temperatures for 200 h; a,
2.47% Al; b, 4.28% Al; ¢, 5.99% Al; d, 20.79% Al (after

ref. 93)
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the mould and so avoid the incorporation of oxide
films into the casting, also help obtain clean castings.
The alloys can be susceptible to gas porosity.
Dissolved Al can react with moisture or hydrocarbons
in the mould to produce free hydrogen which
dissolves in the molten metal and causes pinholing on
solidification.

High Cr white irons offer excellent resistance to
growth and oxidation at elevated temperatures and
are cost effective alternatives to stainless steel in ap-
plications that are not subjected to severe impact
loading. The irons fall into one of three categories;

1. martensitic irons with 12 to 28% Cr;

2. ferritic irons with 30 to 34% Cr or

3. austenitic irons with 15 to 30% Cr and 10 to 15%
Ni to stabilize the austenitic matrix to low tem-
peratures.

The classification depends on the service temperature,
stressing, required life and economic factors. The
beneficial effect of Cr on scaling resistance is evident
from Figure 1.24°7. Applications include recuperator
tubes, breaker bars and trays for sinter furnaces,
various furnace parts, glass bottle moulds and valve
seats.

Wear resistant alloys

Cast irons are used in many wear resistant applica-
tions. Grey irons are used under lubricated and dry

Table 1.17 The influence of Al on the mechanical properties of flake and spheroidal irons (after ref. 94)

Alloy UT.S. 0.2% P.S. Elongation Temperature
Nmm™? Nmm™? % °C
3.18% C, 1.93% Si, 0.95% Mn 256 235 0.5 27
flake 72 69 0.7 649
28 27 1.6 760
2.53% C, 1.60% Si, 0.45% Mn, 5.9% Al 174 159 04 27
flake 54 54 25 649
25 25 5.4 760
19 18 3.5 871
13 12 3.1 982
2.1% C, 1.06% Si, 0.40% Mn, 20.5% Al 220 220 0.1 27
flake 51 47 312 871
25 23 > 14.8 982
3.5% C, 1.93% Si, 0.23% Mn 401 241 189 27
spheroidal 54 48 33.2 649
25 22 43.5 760
30 28 30.0 871
3.12% C, 2.1% Si, 0.02% Mn, 1.25% Al 383 339 2.7 27
spheroidal 77 78 12.1 649
34 34 30.5 760
26 25 28.5 871
3.32% C, 2.11% Si, 0.03% Mn, 3.8% Al 563 550 0.3 27
spheroidal 112 109 18.8 649
43 39 28.8 760
19 17 48.5 871
22 19 20.2 982
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Figure 1.23 Comparison of the stress rupture curves of
unalloyed and Al alloyed spheroidal iron at 650 °C; a,
3.8% Al spheroidal iron; b, 1.25% Al spheroidal iron; c,
unalloyed spheroidal iron; d, 5.9% Al grey iron; e,
unalloyed grey iron (after ref. 94)

sliding conditions. In the former case, movement can
be continuous as in bearings or reciprocating as with
pistons and cylinders. Braking systems and clutch

plates operate under dry sliding conditions. During
the running-in period under lubricated sliding,
graphite provides a renewable solid lubricant between
mating surfaces and subsequently, flake cavities
provide reservoirs for oil and act as termination
points for local damage by providing sinks for
abrasive material that would otherwise be trapped
between the sliding surfaces. The cast iron structure is
of little consequence if lubrication is complete.
However, with marginal or poor lubrication, wear
resistance is improved if the iron is fully pearlitic with
moderately coarse random flake graphite (type A)
and dispersed, hard phosphide or carbide particles.
Good thermal conductivity, ability to resist galling,
good frictional properties, reasonable strength, low
modulus of elasticity and a facility for renewing
graphitic areas make grey flake irons resistant to the
development of high local temperatures during dry
sliding as encountered in braking systems®. Such
systems do not fail usually as a consequence of
directly applied stress but as a result of wear or heat
checking. The wear resistance of brake discs is
improved appreciably by the addition of small
quantities of Ti and V which produce a fine dispersion
of carbides in the matrix”®. Heat checking occurs as a
result of internal oxidation and structural change as
already described for ingot moulds. Frequent but not
particularly fierce braking can increase the tem-
perature of the iron sufficiently for structural de-
terioration to occur. This can be resolved by
improving design. Additions of Cr and Mo will
increase pearlite stability and the strength of the

Table 1.18 The influence of Al and Mo on the high temperature mechanical properties of flake and spheroidal irons (after ref.

90)
Alloy U.T.S. Temperature Stress to Rupture
C% Si% Mn% Mo% Al% Nmm™? °C 100h 1000 h
Nmm~? Nmm™?
3.0 1.57 0.64 flake 193 540
102 650 23 15
60 760
2,75 1.67 0.7 1.9 5.21 flake 271 540
155 650 37 26
79 760
63 870
37 2.36 0.3 spheroidal 202 540
105 650 35 25
60 760
72 870
3.43 2.06 0.3 22 6.35 spheroidal 433 540
228 650
122 760
77 870
3.11 3.54 0.26 1.96 6.27 spheroidal 650 138 97
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Figure 1.24 Oxidation behaviour of several irons at tem-
perature for 200h in air; a, 1% Cr + 1% Ni; b, Ni-resist;
¢, Silal; d, Nicrosilal; e, 17% Cr; f, 33% Cr; g, 30%

Cr + 1.0% Ni (after ref. 97)

matrix. Heat checking may occur also as a result of
the sudden application of braking loads which cause
the surface temperature of the iron to increase above
the critical temperature. Ferritic spheroidal irons have
been used under these conditions as they are more
resistant to thermal shock.

White irons are usually used to combat abrasive
wear. Carbides in the microstructure, depending on
their type, morphology and volume fraction, provide
the hardness required for crushing materials without
degradation. The supporting matrix structure can be
controlled by alloy content and/or heat treatment to
develop pearlitic, austenitic or martensitic structures
to provide the most cost effective balance between
abrasive wear resistance and toughness.

Three basic types of abrasive wear have been
identified'®, namely, gouging, which is usually
associated with impact, high stress or grinding
abrasion and low stress or scratching abrasion.
Macroscopic penetration of the working surface by
coarse abrasive particles accompanies gouging, as for
example, when hammer bars crush material in an
impact pulverizer. Grinding abrasion occurs when
abrasive particles are crushed under the grinding
influence of moving metal surfaces. Scratching
abrasion occurs when freely moving particles impinge
on a wearing surface, as in shot blasting. Impact
forces are small in scratching abrasion and cutting
wear prevails for small impingement angles and de-
formation wear for large angles.

The nature of abrasive wear depends on many
factors including microstructure of the abraded
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surface, type of abrasive, relative movement and type
of loading, chemical action and temperature. Conse-
quently, the relationship between microstructure and
wear resistance is complex and care must be taken to
ensure that any laboratory wear test reproduces the
service conditions. For example, laboratory tests have
underestimated the abrasion resistance of austenitic
irons'". They rarely reproduce the continuous impact
loading experienced in service and the full work
hardening ability of the matrix is not developed
during the laboratory test.

The complex dependence of wear on microstructure
is illustrated in a recent study of the grinding abrasion
resistance of Cr irons in the as-cast and heat treated
conditions'®?. Martensitic matrix structures displayed
higher abrasion resistance than austenitic or pearlitic
structures. The 15% Cr-3% Mo martensitic iron
displayed the highest resistance. The 10-15% Cr irons
were more resistant than 25-30% Cr irons due to the
lower C martensite produced after destabilization of
the higher Cr iron. The 5% Cr irons exhibited a
greater wear resistance than the 10-15% Cr irons.
This was because cracking in the carbide phase did
not lead to immediate removal from the structure
with a ‘continuous’ carbide as in the 5% irons. The
fractured carbide rods in the ‘discontinuous’ eutectic
in the 15% irons became detached readily during
wear.

These findings differ from observations made when
impact loading accompanies wear. Under these
conditions, structures with continuous carbides have
insufficient toughness and suffer gross fracture.
Structures with the discontinuous eutectic can
withstand impact and gross failure is avoided at the
expense of greater wear, particularly if the carbide is
not adequately supported by a hard matrix.

Three types of cast iron are used for wear
resistance. Specifications are given in Tables 1.19 and
1.20. The oldest class contains the unalloyed and low
alloy grades which display a structure of massive
‘continuous’ M;C carbides in a pearlitic matrix.
Although still used, these extremely brittle alloys have
been largely superseded by the tougher, alloyed white
irons.

The first alloyed irons to be developed were the
Ni-hards. These relatively cheap, cupola-melted mar-
tensitic white irons contained Ni to increase har-
denability to ensure austenite transforms almost
completely to martensite following heat treatment.
They also contained Cr to increase the hardness of the
eutectic carbide. A typical microstructure is shown in
Chapter 6, Figure 6.36.

The optimum alloy composition depends on
casting thickness and intended use. If abrasion
resistance is the prime consideration, the C content is
maintained in the range 3.2-3.6%. However, if impact
loading is of concern, it is usual to restrict the C to the
range 2.7-3.2%. The latest alloy in this series is Ni-

- hard IV which corresponds to Class 1D in Table 1.19
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Table 1.19 Composition and mechanical properties of abrasion resistant irons according to ASTM specification A532

Class  Type  Designation C% Mn% Si% Ni% Cr% Mo% P% S% Cu%

I A Ni-Cr-HC 3.0 33 1.4 minimum
3.6 1.3 0.8 5.0 4.0 1.0 0.3 0.15 maximum

1 B Ni-Cr-LC 2.5 33 1.4 minimum
3.0 1.3 0.8 5.0 4.0 1.0 0.3 0.15 maximum

1 C Ni-Cr-GB 2.9 2.7 1.1 minimum
3.7 1.3 0.8 4.0 1.5 1.0 0.3 0.15 maximum

1 D Ni-HiCr 2.5 1.0 5.0 7.0 minimum
3.6 1.3 2.2 7.0 11.0 1.0 0.10 0.15 maximum

11 A 12% Cr 2.4 0.5 11.0 0.5 minimum
2.8 1.5 1.0 0.5 14.0 1.0 0.10 0.06 1.2  maximum

11 B 15% Cr-Mo-LC 24 0.5 14.0 1.0 minimum
2.8 1.5 1.0 0.5 18.0 3.0 0.10 0.06 1.2  maximum

11 C 15% Cr-Mo-HC 2.8 0. 14.0 2.3 minimum
3.6 1.5 1.0 0.5 18.0 35 0.10 0.06 1.2  maximum

11 D 20% Cr-Mo-LC 2.0 0 18.0 minimum
2.6 1.5 1.0 1.5 23.0 1.5 0.10 0.06 1.2  maximum

11 E 20% Cr-Mo-HC 2.6 0.5 18.0 1.0 minimum
3.2 1.5 1.0 1.5 23.0 2.0 0.10 0.06 1.2 maximum

11 A 25% Cr 2.3 0.5 23.0 minimum
3.0 1.5 1.0 1.5 28.0 1.5 0.10 0.06 1.2 maximum

Brinell hardness

Sand cast Chill cast Hardened Softened Typical section
( minimum) (minimum ) (minimum ) (minimum) thickness (mm)

I A Ni-Cr-HC 550 600 200

I B Ni-Cr-LC 550 600 200

I C Ni-Cr-GB 550 600 75 diameter ball

I D Ni-HiCr 550 500 600 400 300

II A 12% Cr 550 600 400 25 diameter ball

11 B 15% Cr-Mo-LC 450 600 400 100

11 C 15% Cr-Mo-HC 550 600 400 75

1 D 20% Cr-Mo-LC 450 600 400 200

11 E 20% Cr-Mo-HC 450 600 400 300

1 A 25% Cr 450 600 400 200

and Grade 2D in Table 1.20. This alloy is considerably
tougher than the earlier Ni-hards. Until recently, the
increased toughness of Ni-hard IV and other high Cr
irons was attributed to the ‘discontinuous’ carbide. It
was generally thought that the fracture path passed
through the ‘continuous’ carbide but with the ‘discon-
tinuous’ M, C, carbide this mode of fracture is less
likely and results in increased toughness. However,
both eutectic phases are continuous'® and their
different mechanical properties are related to the
different types of anomalous eutectic structure®®.
Unalloyed irons and the low alloy Ni-hards display
a quasi-regular eutectic structure with massive
continuous M;C carbides forming the major phase in
the eutectic. Ni-hard IV and higher Cr irons display a
eutectic structure consisting of a mixture of blades
and hollow faceted rods and belong to the broken
lamella class of eutectics. This structure is composite-

like in nature and displays a greater toughness than
the unmodified quasi-regular structure. The
mechanical properties are improved by increasing the
cooling rate'™'®. Examples of this occur in hard
facing operations when the proportion of rods in the
structure increases or when Mo is added, as in high
Cr-Mo irons, when a cellular eutectic morphology
forms with rods in the centre of the cells and blades at
the periphery. The faceted M,C; rods are thermally
stable and the morphology is not easily changed by
heat treatment.

The possibility of impurity modification of the
anomalous eutectic to produce a non-faceted fibrous
structure as in the Al-Si eutectic or a discontinuous
eutectic structure has not been explored. Ni-hards are
usually stress relieved at 200-230°C for at least 4h
prior to service in order to relieve martensitic trans-
formation stresses and to promote the transformation
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Table 1.20 British specification, BS 4844 (1986), for abrasion-resistant cast irons

Grade C% Mn% Si% Ni% Cr% Mo% P% S$% Cu%
1A 24 0.2 0.5 minimum
34 0.8 1.5 2.0 maximum
1B 2.4 0.2 0.5 minimum
34 0.8 1.5 2.0 maximum
1C 2.4 0.2 0.5 minimum
3.0 0.8 1.5 2.0 maximum
2A 2.7 0.2 0.3 3.0 1.5 minimum
3.2 0.8 0.8 5.5 2.5 0.5 maximum
2B 3.2 0.2 0.3 3.0 1.5 minimum
3.6 0.8 0.8 5.5 2.5 0.5 maximum
2C 24 0.2 1.5 4.0 8.0 minimum
2.8 0.8 22 6.0 10.0 0.5 maximum
2D 2.8 0.2 1.5 4.0 8.0 minimum
3.2 0.8 2.2 6.0 10.0 0.5 maximum
2E 32 0.2 1.5 4.0 8.0 minimum
3.6 0.8 2.2 6.0 10.0 0.5 maximum
3A 1.8 0.5 14.0 minimum
3.0 1.5 1.0 2.0 17.0 2.5 0.1 0.1 2.0 maximum
3B 3.0 0.5 14.0 minimum
3.6 1.5 1.0 2.0 17.0 3.0 0.1 0.1 2.0 maximum
3C 1.8 0.5 17.0 minimum
3.0 1.5 1.0 2.0 22.0 3.0 0.1 0.1 2.0 maximum
iD 2.0 0.5 22.0 minimum
2.8 1.5 1.0 2.0 28.0 1.5 0.1 0.1 2.0 maximum
3E 2.8 0.5 22.0 minimum
3.5 1.5 1.0 2.0 28.0 1.5 0.1 0.1 2.0 maximum
3F 2.0 0.5 11.0 minimum
2.7 L5 1.0 2.0 13.0 2.5 0.1 0.1 2.0 maximum
3G 2.7 0.5 11.0 minimum
3.4 1.5 1.0 2.0 13.0 3.0 0.1 0.1 2.0 maximum
Grade Hardness (minimum)
Thickness < 50mm Thickness > 50 mm
1A 400 350
1B 400 350
1C 250 200
Thickness < 125mm  Thickness > 125mm
2A 500 450
2B 550 500
2C 500 450
2D 550 500
2E 600 530
All thickneses
3A 600
3B 650
3C 600
iD 600
3E 600
3F 600
3G 650

of retained austenite. This treatment improves

strength and impact resistance.

The straight high Cr irons, Class III in Table 1.19,
must have a high C content and a martensitic matrix

for good wear resistance. Although these irons are
cheaper than Ni-hards, limited hardenability restricts
their use to moderate to thin section castings such as
pump volutes and slurry pump impellers. The matrix
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structure is predominantly pearlitic in heavy sections
and austenitic in light sections. The wear resistance of
the austenitic irons is greater than that of the pearlitic
irons and increases during service as a result of surface
work hardening to martensite. The lower the Cr to C
ratio, the greater is the tendency for pearlite
formation and if pearlite is to be avoided in a 25 mm
section, the C content must be restricted to 2.8%. The
limitations of this class of white irons can be
overcome by further alloying.

Class IIT of BS 4844 and Class II of ASTM A532
define the range of high Cr—Mo white irons. The
recent upsurge in demand for large size equipment in
the mining, coal and mineral processing industries has
led to a search for alloys that combine abrasion
resistance and fracture toughness'®'", This has led to
considerable developments in the metallurgy and
founding of these alloys'®'*. The alloys are mainly
hypoeutectic in composition. The predominant
eutectic carbide is M,;C, and the matrix can be
austenitic, martensitic or pearlitic according to the
application. Some components are cast pearlitic to aid
machining and then heat treated to produce a marten-
sitic matrix for abrasion resistance.

Heat treated heavy castings are replacing marten-
sitic Ni-Cr alloys, which are too brittle, and steel
castings, which have good toughness but lack
abrasion resistance. Chemical composition and heat
treatment must be adjusted to suit section thickness
and to promote the transformation of austenite to
martensite and at the same time ensure sufficient
hardenability to prevent pearlite formation, which
reduces abrasion resistance dramatically. A marten-
sitic matrix with secondary carbides exhibits good
abrasion resistance and is normally obtained by heat
treatment. The high alloy content renders the trans-
formation behaviour more like that of a high speed
tool steel rather than that of a low alloy steel or cast
iron. The austenite formed on solidification is
saturated with C, Cr and other alloying elements and
is very stable.

Heat treatment involves a destabilizing anneal
between 900 and 1000 °C prior to quenching during
which secondary carbides precipitate. Quenching is
done in air to avoid the risk of cracking. The com-
position of the iron is adjusted to permit air hardening
in the section size and within the possible quenching
rates for the particular casting.

The range of C and Cr compositions is defined by
the need to form M,C, carbide on solidification.
Increasing the C content increases the volume fraction
of carbide and the abrasion resistance but decreases
the toughness and hardenability. High C contents
require close control over cooling rate in order to
avoid cracking. Alloys with the best abrasion
resistance contain between 12 and 22% Cr. Lower
values lead to the formation of M;C carbide with
lower abrasion resistance and toughness. When the Cr
content exceeds 22%, most of the C partitions to the

carbide and the low C martensite has lower abrasion
resistance.

The elements Mo, Mn, Ni and Cu promote hard-
enability. However, both underalloying and overal-
loying are undesirable. Cases of poor abrasion
resistance have been traced to excessive Si contents
which produce an iron of abnormally low hardenabil-
ity. Hence Si levels are often restricted to 0.6%.
However, if higher Mn contents are used, the Si level
can be raised to 1%.

Heat treatment is necessary with heavy castings to
obtain satisfactory performance under severe
repeated impact conditions which occur in large ball
mills, wet mills or larger roller pulverizers where
uneven wear of table segments occurs. When impact
conditions are less severe, as-cast irons with substanti-
ally pearlite-free microstructures are used. The
advantage of as-cast irons is the elimination of costly,
high temperature heat treatment. The disadvantage is
the need to closely control mould cooling to avoid
residual stresses or transformation induced stresses
and the need for greater alloying additions to prevent
pearlite formation.

The iron founding industry — past,
present and future

Although many ferrous components are forged or
rolled to shape following solidification, casting is the
only feasible manufacturing method for components
of complex shape. It is the chosen method for many
components because it is the most versatile, most
flexible, most economical and the shortest and fastest
way to transform raw material into finished product.
The many types of iron and their wide range of
properties have been described in previous sections.
These assured a large market demand for irons in the
past. Foundry technology was dominated by the
continuous need for increased productivity and profit
whilst satisfying growing demands for new and
improved products. Many processes, such as cupola
melting, were operated inefficiently and innovations
such as spheroidal irons, introduced to satisfy new
markets, became established very slowly.

The 1970s was a decade of change. The market
demand for irons fell against the background of a
world economic recession. Social and political
pressures gradually took over from market demands
and enforced many changes. Our perception of the
importance of energy and resource conservation
changed; for example, energy costs increased ten
times in the USA between 1973 and 1979. Many other
factors have resulted in change, including enforced
control over emissions and work place environment,
the introduction of robots and automation and the
rapid growth in the use of computers throughout the
foundry to facilitate design and aid melting



operations, as well as in production control and statis-
tical quality control. The growth of alternative
materials, particularly in the automobile industry and
liability legislation changes in the USA have reduced
demand for irons. All these factors have been effective
to varying degrees in the different countries, as
reflected in the production trends shown in Figure 1.4.
In the 1980s, with few exceptions, foundries cannot
rely on market growth and the economies of scale it
offers. These have been replaced by sounder practices
and more efficient utilization of resources by the
foundries that have survived. This has been achieved
through a greater understanding of all aspects of the
casting process. Whilst room still exists for the
artisan, founding practice is no longer an art.

Casting in the 1980s

The factors to be considered in selecting an iron to
satisfy component properties have been discussed in
several earlier sections. However, this is only one of
three important interrelated aspects that must be
considered in establishing a design that will ensure
that a component can be produced and function satis-
factorily. The other two are its geometrical shape and
the casting process. All three factors must be
considered simultaneously. For example, the casting
process imposes few constraints on shape but designs
with complicated internal cavities may be limited by
the type of iron that can be cast satisfactorily. Design
has been traditionally a human responsibility but,
increasingly, computers are being programmed to
design castings''*!?.

Several years ago engineers at John Deere demon-
strated the increased productivity resulting from
computer aided design (CAD) by developing a
program for designing spherical iron cotton picker
cams. The design program was the result of several
years cooperation between computer programmers
and design engineers, but, once developed, it could
design a new cam to near perfection in several hours
compared to the several weeks of trial and error used
previously.

Once the design and casting process have been
decided a pattern must be created and the computer is
also improving productivity'?. The choice of pattern
material is no longer wood or metal. However,
machineable epoxy resins are capable of providing
greater dimensional accuracy'*'?. Recently a new
technique for creating a complete three dimensional
model/pattern has been described. A computer is
programmed with x, y and z co-ordinates taken from
the three views of an engineering drawing of the
casting. The computer controls the movement of two
laser beams scanning a container of liquid plastic.
When the beams intersect they promote a chemical
action which hardens the plastic. Any liquid
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remaining can be removed leaving an exact copy of
the image defined by the computer data.

Investment casting offers near cast-to-shape
perfection and new advances have been made in
replacing conventional waxes with new chemicals,
especially styrenes'*'*. The lost foam or full-mould
process uses mass produced, often die-cast, polysty-
rene shapes that duplicate the casting shape
accurately. The pattern with attached polystyrene
gates and feeders is buried in dry, unbonded silica
sand which is packed by vibration. The molten iron
evaporates the polystyrene immediately on entry to
the mould. This is a model of simplicity and economy.
The need for cope and drag flasks, parting lines and
cores is eliminated. Since the pattern is not removed
from the mould this method offers unlimited freedom
of design. Defects originating from mould binders are
eliminated'?'%,

Developments have been as rapid in more conven-
tional core and moulding materials. Prior to 1960,
there was a limited choice of core making processes,
oil sand, shell and CO,-sodium silicate'®. During the
past two decades significant advances have been made
in chemical sand binder technology. Furans,
phenolics, aldehydes, formaldehydes and urethanes
have been combined in a range of systems in which
polymerization by both addition and condensation
reactions can be catalysed by acids, gases, solids and/
or heat. Cold setting systems are now well established
in foundries'®.

New tooling designs to limit gas emissions have
resulted in a rapid increase in the use of the amine and
SO, curing systems. Figure .25, in which casting
dimensions reflect mould rigidity and casting density
indicates casting soundness, shows that provided
resin-bonded sands are fully cured they can produce
castings as sound and as dimensionally accurate as
cement sands. Curing time varies from system to
system and depends on the resin and catalyst content,
temperature and humidity'*'. For example, acid
catalysed resin systems cure more slowly than
urethane resin systems. Consequently, close process
control is required during the production and storage
of moulds and cores. This, coupled with the increasing
costs of organic binders and increasing concern over
the environment has led to a rekindling of interest in
the sodium silicate binders'*?. The original CO,
process has been improved with new chemical form-
ulations, hot box core making and new additions to
promote breakdown, latitude in gassing, improve-
ment in bench life, strength and handling
properties'** 1%,

Notable advances have been made in fluid or
castable sands and self-setting silicates using ester
hardeners'*. Particular advantages of sodium silicate
moulds are ecological, mould rigidity, freedom from
N,, compatibility with green sand and cost. Recently,
a synthetic amorphous hydrogel (SAH) binder system
has been reported®’ for no-bake moulds and cores.
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Figure 1.25 The deviation from mould cavity dimensions
and the density of a spheroidal iron in spheres related to
the curing of resin-bonded sands and other sands (after
ref. 1)

This is an inorganic, C-free binder with set times in
the range 30s to 45min dependent on temperature
and binder ratio. This ceramic bond system is
compatible with common foundry sands. It produces
a rigid mould for excellent dimensional accuracy, has
easy shake out, causes little environmental pollution
and is easily reclaimed'*. Economies can be made by
using shell moulding to reduce the amount of sand
used. This is the case with the Colshel process'*® which
compacts a thin layer of sand against the pattern
using a diaphragm supported by air pressure. The
original process used an amine gas-low density
system with a closed box gassing system and
absorbing tower to prevent atmospheric pollution.
However, other sand systems such as SO, furan or
CO, gassed silicate can be used.

One of the oldest, yet most extensively used
moulding mediums is green sand, which is silica sand
containing clay and moisture. It is used in the
unbaked condition. Individual moulds can be made
by hand or, at the other extreme, highly mechanized
and automatic machinery produces up to 300 moulds
per hour, either using boxes or boxless, in foundries
with a high output of long run castings. As indicated
in Figure 1.25, green sands show varying mould
rigidity. Rigidity has been improved through high

pressure moulding™'*'. This reduces mould wall

movement, particularly in heavy castings, and results
in more reliable dimensions, closer tolerances, better
surface finish, uniform hardness and a reduced sus-
ceptibility to shrinkage problems.

Many foundries are instituting total reclaimers
rather than merely reconstituting the sand. Various
systems, as well as dry attrition, and wet and thermal
reclamation are being employed. Advances in under-
standing the factors that influence sand mouldability
have emphasized the importance of removing fines
during reclamation to maintain sand grain size distri-
bution. It is also important for the reused sand to be
recooled, retempered and reconstituted differently
from new sand. The computer has made a major
impact in this area. There is so much information to
be collected, analysed and related to casting quality
that without a computer giving a rapid diagnosis,
control over a sand system can be lost'**'*, Several
novel techniques using vacuum have been introduced
into the foundry. The Japanese ‘V’ vacuum moulding
process holds unbonded sand in place in the mould by
vacuum'“ % The pattern is covered by a tightly
conforming thin sheet of plastic which is applied with
vacuum after being heated. The flask is placed over
the plastic-coated pattern and filled with sand. A
second sheet of plastic is placed over the top of the
sand and the flask is evacuated. The sand is hardened
around the pattern which can then be withdrawn.
This technique has been used in the production of
grey iron piano frames. The use of vacuum has been
extended to the casting process.

A process similar to the Cosworth process, which is
well established for Al castings, has been patented by
the Hitchiner Manufacturing Company in the
USA". This is an economical process for casting
small thin section components. The parts are gated
through the drag half of the mould directly into the
cavity or a blind feeder. The cavity is filled by
submerging the drag into a molten bath and attaching
the cope to a vacuum chamber. Iron is drawn into the
mould cavity and any decomposition gases are sucked
into the vacuum system. An automatic machine is
operated by a programmable controller and requires
only operator surveillance. Iron components are also
made by centrifugal casting, die casting, stir casting
and continuous casting.

This brief consideration of the current trends in
moulding demonstrates that the 1970s were not a time
of stagnation. It also indicates that successful
production, productivity and profitability are
dependant on effective process control at each of the
various stages of the casting process. In addition to
pattern making and moulding these include melting,
liquid metal treatment, solidification, cooling, shake
out, cleaning, inspection, heat treatment, machining,
repairing and final inspection. Process control is only
possible with an understanding of solidification
science (reactions in the liquid, nucleation and growth



of the solid from the liquid, eutectic solidification,
segregation during solidification, solid state trans-
formations etc.)'*® of the chosen alloy.

Overall process control must take into considera-
tion the interrelationship of each of the individual
casting stages. For example, the volume changes that
flake and spheroidal irons undergo on cooling and
freezing differ from those of other casting alloys
including white irons'®'**. The important difference
is that the contraction of the cooling liquid stops at or
above the eutectic temperature. Subsequent cooling
and freezing is accompanied by an expansion which
lasts nearly to the completion of freezing. The last
liquid to freeze, however, contracts, resulting in
secondary  shrinkage. Although conventional
methods of feeding may be used, these unusual
characteristics allow more economical methods to be
contemplated in which the expansion is used to
compensate for secondary shrinkage.

However, increasing the casting yield in this way
depends on other steps in the casting process because
the pattern of volume changes is not a material
constant but depends on the cooling rate. This itself
depends on the type of mould used, the graphite-
forming tendency as influenced by composition,
metallurgical quality, which depends on several
process variables, and mould rigidity. Computers are
being used increasingly in the calculation of feeder
sizes and placement, with a significant increase in
productivity'.

The relationship between efficiency and process
control and the dependence of both on solidification
science is nowhere more evident than in the energy
and cost intensive area of iron melting. Important
changes have occurred in each of the six stages
(charge selection, charging, melting, liquid metal
treatment, transfer to pouring station and pouring) of
this process. Advances in solidification science have
exposed the considerable effect that small concentra-
tions of impurity can have on structure and
properties. They have also emphasized the need for
careful control over charge constitution as high priced
pig iron is replaced with cheaper steel and cast iron
scrap. Advances in charge selection have been made
with the introduction of linear programming to
calculate optimum charge materials/material price
ratios using the computer'®. Changes in charging
procedures include automatic and continuous
charging'” and charge preheating in electric melting.
The old workhorse, the cupola, retains its position as
the major melting unit, but only after withstanding
challenges from electric melting and undergoing con-
siderable process changes to increase its
efficiency’*'. These changes include hot blast,
divided blast, oxygen enrichment, projecting water
cooled tuyeres, improved air cleaning, water cooled
shell, improved refractories, increased size, improved

coke quality and the use of duplexing'®.

An introduction to cast irons 39

The need for increased efficiency and the ease with
which it can be achieved by applying solidification
science has been demonstrated in a recent survey of 30
Canadian foundries'>’. The melting efficiency of each
cupola was determined both separately and in the
context of its operation within the foundry under
normal working conditions. This was then related to
the design and operational practice of the cupola and
the constraints imposed by the foundry operation.
The study shows that the commonly quoted metal/
coke ratio is misleading as a measure of melting
efficiency. Nominal performance metal/coke ratios
varied from 15.4:1 to 3.8:1 and actual efficiencies
varied from 9 to 46%. Factors influencing cupola
performance and factors external to the cupola in-
fluencing melt efficiency were identified and several
‘no cost’ improvements were suggested for each
cupola. Once a fundamentally sound, controlled
cupola operation was established in this manner,
increased efficiency could be realized by selectively
implementing improved technology based on recent
advances in solidification science.

Cupolas represent a large capital investment and
often design changes to implement improved
technology are difficult. Improvements made in the
1970s were achieved often as a result of long trial and
error procedures. These were high risk ventures
because of potential consequences in product quality
and productivity. Recent advances in process
modelling have eliminated these risks'**'® by
providing a means of quantitatively estimating the
effects of changing process variables without risk to
the actual melting unit.

In a similar vein, microcomputers are proving
invaluable in promoting process control. An example
is the Canmet cupola software package, a project
dedicated to the assessment and improvement of
cupola melting technology in Canada. The package
comprises programs for melting efficiency, charge cal-
culations, acid slag analysis, melt cost analysis, cast
iron specifications and cupola trouble shooting'®'¢!,
Whereas net diagrams'®*'® which interrelate melt
rate, C rate, blast rate and iron temperature are used
to effect process control once the diagram has been
established for the cupola in question, the Canmet
programs can be used to reveal the relationship
between a greater number of process variables for any
cupola once the characteristics of the cupola have
been fed into the program.

Electric melting in the form of arc melting!®,
plasma arc melting, in which machine borings and
turnings can form part of the charge and rod
resistance furnace, and, more particularly, mains and
medium frequency induction coreless melting'®*'%
and channel induction melting'®"'® offers an alter-
native melting method that is attractive to the smaller
foundry. The coreless induction furnace has less
effluent and a simpler refractory system and lower
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power consumption than an arc furnace. The arc
furnace has a major advantage in the variety of charge
material that can be used. Both methods have good
chemistry and temperature control, which offers rapid
melting, production flexibility and consistent quality.
Both can melt a variety of iron compositions. The
main advantages of the channel furnace are lower
power consumption and good furnace up time.

The choice of a primary iron melter represents a
large capital expenditure. The changes that occurred
in the 1970s have resulted in a marked increase in
sensitivity to energy cost and cost structures in
furnace selection. In the USA, in particular, thereis a
wide range of energy availabilities, energy cost rate
structures, metallic charge availability and cost
variation from area to area. Consequently, it is not
possible to draw a generalized conclusion as to the
most economical melting method. Each selection
should go through a complete analysis if the final
decision is to be correct for a particular foundry in a
specific location'®.

Although the modern cupola is a very efficient
melter, it is an expensive superheater. Duplexing, in
which the iron is transferred from the primary melter
into a holding furnace, which is often a channel or rod
resistance furnace, is becoming more attractive, par-
ticularly with automated casting systems'”. The
holding furnace acts as a flywheel in the system and
provides a ready source of metal for metering to the
pouring operation. It also allows liquid metal tem-
perature control and the superheating required for
castings with thinner sections, as well as smoothing
out and adjustment of iron composition. In addition
it provides a buffer for variations in metal demand
and availability.

Iron quality begins with the liquid metal, and the
old axiom that you cannot control until you have
measured has been proved with recent developments
in liquid iron assessment. High speed spectrographs
interfaced with computers can provide print out
analysis of several elements in a matter of minutes'”".
Thermal analysis is a valuable evaluation tool for
providing information concerning iron chemistry,
quality and process variables. Solidification of a grey
flake iron in a small Te-coated cup causes the iron to
solidify white, producing sharp primary and eutectic
arrests on the cooling curve which can be used to
calculate C and Si contents'™'*, This technique has
been extended to spheroidal irons by using a coating
containing both Te and S. The increased use of
computers has made possible more detailed analysis
of cooling curves without any sacrifice in speed.

Heine and coworkers!”'” have shown that the
liquidus arrest is sensitive to the melt condition. The
differences, ACE, between the C.E.V. measured from
the cooling curve and that calculated from a spectro-
graphic analysis provides a measure of the degree of
oxidation of the liquid iron. This varies because of
changes in the C and Si activity in the liquid. These

changes can be related to process variables such as
superheating, holding, furnace atmosphere, rusty
steel in the charge and melt additions. Measurement
of ACE has been used to monitor melt condition'®
and to indicate the susceptibility of castings to defects,
for example, difficulty with feeding.

The use of the computer allows quantitative in-
formation to be derived from the cooling curve. This
has been achieved in the form of a differential heat
analysis as illustrated in Figure 1.26 for a malleable
iron'™. The neutral body used in the conventional
differential thermal analysis (DTA) is replaced by the
portions of the cooling curve which plot as straight
lines on a Newtonian cooling graph of log relative
temperature vs. time, i.e. cd, de in Figure 1.26. The
log relative temperature vs. time data is converted to
heat evolved during the various stages of solidifica-
tion. Heat evolved during the straight line log relative
temperature curve serves as the neutral body cooling.
Departures from the curve represent the thermal
events of solidification. A graph of the total heat
evolved relative to that of the neutral body takes the
shape of the conventional DTA, but as a difference in
heat evolved rather than as temperature differences
between the unknown and neutral body. The final
stage in the program is a mathematical normalizing
procedure which permits overlapping solidification
processes such as proeutectic and eutectic formation
to be isolated and studied separately. The technique
has been used to measure the total percentage of

Log relative temperature

Time
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Cooling curve

Austenite

Eutectic

g, cals™! g}
q, cal 51 g_1
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Figure 1.26 Features of the cooling curve revealed on a
DHA curve (after ref. 176)
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proeutectic austentite, which is the percentage
austenite formed at the liquidus. This is related to the
occurrence of spiking and coarse oriented dendritic
grains'®'. It can also be used to measure the
percentage carbide eutectic formed as related to
C.E.V. and processing variables.

The occurrence of flake graphite (type D or E)
mottle is registered as an inflection in the cooling
curve at point d (Figure 1.26a) but is easily detected
as a thermal event in the DTA analysis (Figure 1.26b).
A second type of mottle, temper mottle, does not have
a grey eutectic cell structure. It appears as temper
carbide and shows on the cooling curve (Figure 1.26¢)
as an initially higher temperature eutectic plateau, a
step and then a lower carbide eutectic temperature
plateau. It is easily detected on the differential heat
analysis (DHA) curve between points ¢ and g as
shown in Figure 1.26c. Figure 1.26d shows a negative
peak at point f after eutectic solidification is complete
and at an inflection in the cooling curve where there
is a change from an accelerating rate of cooling to a
decelerating rate. This peak is of considerable interest
because it is related to the constituents formed late in
the solidification process and provides a potential for
evaluating these constituents.

The cooling curve of a grey iron shows different
features (shape, arrest temperatures, degree of recal-
escence) depending on the graphite morphology.
Several recent studies have shown how these features
can be used to predict graphite morphology and the
constitution of mixed structures'®*'*, During the past
decade considerable advances have been made in un-
derstanding eutectic solidification and, in particular,
how graphite grows in liquid iron. The influence of
growth velocity, temperature gradient in the liquid,
segregation effects and impurities in modifying
interface kinetics and promoting constitutional un-
dercooling is now relatively well defined®.

Using this knowledge Minkoff has suggested'’ a
computational method for the control of cast iron
structure over the entire range of possible graphite
morphologies. The method is based on calculation of
the undercooling of the graphite-liquid interface due
to solute influences in solution. The method is called
‘Delta Tee’. It emphasizes that cast iron structures are
a direct function of the undercooling of the interface
under the conditions of graphite growth. Following
analysis of the liquid iron after melting, the analytical
data is fed into a computer which processes it to give
corrected analysis of the liquid as required for the
given structure and properties at the stated casting
cross-section. The procedure corrects for solute in-
teractions in solidification and for segregation. It
provides calculation of any additions to be made, or
it may reject the liquid composition as being
unsuitable for the type of casting required.

This brief insight into two of the casting stages,
moulding and melting, shows that there is no lack of
improved processes for foundrymen to select from to
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improve productivity, the environment of the
workplace and to reduce energy usage. Indeed, the
problem is not one of finding a process to improve
operations, but rather of selecting one from a wide
array of process improvements which will result in
better quality and reduced costs to allow them to
remain competitive and to gain new customers. The
aim of the following chapters is to explain various
aspects of solidification science and to show how use
of this knowledge leads to better cast products.
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Chapter 2

Liquid metal preparation

The liquid state

It is evident from the previous chapter that one of the
most important stages in an iron founding process is
the economic production of liquid iron and its
treatment in preparation for pouring into the mould.
This involves maintaining compositional and tem-
perature control over the liquid during melting in
order to achieve the correct composition for the
specified iron, the correct graphitization potential,
and the correct state of inoculation and spheroidiza-
tion (for spheroidal and compacted irons) to ensure a
sound casting of desired structure and required
properties.

The choice of melting method usually rests between
cupola and electric melting. Costings play an
important role in this choice, but the influence of
melting process on metal quality should not be
forgotten. Normal iron melting procedure is to
produce a liquid to a definite degree of nucleation
(graphitization potential), which is measured in terms
of chill depth, and then to adjust this level by inocula-
tion in order to control the temperature or undercool-
ing at which graphite forms during solidification.
Cupola melters learn by experience to adjust their
charges and melting practice to produce controlled
chill values together with well controlled composition
ranges. However, when attempts are made to apply
this experience to electric melting it becomes evident
that basic differences exist. This necessitates a change
in base metal composition or inoculation practice.
Thus electric melting is not as straightforward as it is
often made out to be.

Basic differences with respect to nucleation
behaviour stem from the fact that in electric melting
all the components of the metallic charge are in
intimate contact throughout the melting and super-
heating times, whereas molten droplets combine only
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when they reach the well in cupola melting. This does
not offer sufficient time for the complete solution of
graphite from the metallic charge. Undissolved
graphite produces a liquid with a heterogeneous
structure which increases the degree of nucleation in
the liquid.

Consequently, the amount of graphite contained in
the charge is important in cupola melting. This is
decreased when the steel content of the charge is
increased. It is also increased when the pig iron
content is increased. Charges high in pig iron content
contain large quantities of graphite and produce
liquids of low chill value. This has led to the concept
of heredity that is applied to pig iron. The graphite
content of the metallic charge is not as important in
electric melting because all the graphite is taken into
solution provided sufficient time is allowed at tem-
perature.

Temperature control within a narrow working
range is important; below 1450 °C complete solution
of graphite may not occur and above 1500 °C changes
in chill value occur rapidly. Carburizing is usually
achieved in an electric melting furnance with
petroleum coke or relatively pure graphite. The strong
nucleating effect of pure graphite makes it desirable to
standardize superheating time and temperature for a
consistent level of nucleation in the liquid. The figures
below illustrate the variation that can occur when
melting in a medium frequency furnance and super-
heating to 1500 °C.

Tensile strength Eutectic cell count

No holding 346 N/mm? 9.3/mm?
Held for 10min 249 N/mm? 3.1/mm?

These two irons would exhibit different mould
dilation and shrinkage characteristics. The degree of



nucleation is influenced by the type of electric melting.
Graphite solution is easier using mains frequency,
medium frequency and channel furnace in that order.
The methods used to produce irons ready for pouring
are described in this Chapter.

Cupola melting

The forerunner of the present day cupola was a
chimney type furnace called the Kuppel. The first
European cupola is accredited to an English patent
granted to John Wilkinson in 1794. The patent for the
first cupola in the USA was granted to Mackenzie in
1820. A successful cupola operation produces molten
iron of the required composition at the correct metal
or tapping temperature at a rate that slightly exceeds
the demand from the moulding line. All of these
requirements should be met at the lowest possible
operating cost.

Although the demise of the cupola is predicted
continuously, it remains the most used melting
method because of its dependability and ease of
operation. It can be operated in several different
modes as described in the following sections. It is
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most economical when large, hot blast, liningless
cupolas operate for long melting periods. In general,
the cupola does not easily adapt to rapid, production-
related fluctuations and, consequently, it is quite often
used in tandem with a duplexing furnace.

General features of cupola melting

The main features of the cupola are shown in Figure
2.1. Cupolas have diameters ranging from 0.5 to 3.8 m
and can be used to produce irons containing between
2.4 and 3.8% C at melting rates in the range 1-
120 tonnes/h. A cupola is a vertical shaft furnace lined
wholly or in part with refractory. It has air ports or
tuyeres located around the outer periphery of the shell
near the bottom and a charging door in the upper
section. The well is the section below the tuyeres in
which metal and slag gather. The metal is tapped from
the bottom, and the slag is tapped from the top. When
melting is continuous over long periods, pressurized
slag separators, designed so that hot metal and slag
are not retained in the well but collected in an external
separator, are used'. Although the cupola is of simple
design, attention to detail is important. The shaft
must be of the correct shape to avoid bridging of the

A H,0 (L) —H,0 (G)

Preheat zone

Reduction zone

calcining CaCOy; —Ca0l + CO,
A Fe (S) —Fe (L)
Reducing

melting zone
|

Oxidizing

y

Well

} C (COKE) + CO, — 2 CO

C (COKE}+0, ——> Co,
C (COKE) + H,0— CcO'+ H,
C (COKE) ——¢

Reducir&g C pick up

i 9

Figure 2.1 Schematic diagram of a conventional cupola and the basic reactions during melting; a, charging door,
b, firebrick lining, c, steel shell, d, air blast duct to windbox, e, tuyeres, f, slag spout, g, metal spout, h, slag, i,
molten metal, j, sand bottom, k, gases to exhaust, 1, charge descends by gravity, materials are mixed as they
descend, m, hot gases from the coke bed heat the charge above, n, incandescent coke bed; molten slag and metal

are superheated as they pass through to collect in the well
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Table 2.1 Factors influencing gasification (after ref. 4)

Factors controlling

Primary coke

Secondary coke

gasification variable variable
<850°C 850-1250°C >1250°C
X X Reactivity (k') coke quality and coking
conditions
X Effective diffusivity (D,) coke pore volume and
pore structure
X X Harmonic mean diameter (D) coke strength and size
X X Molar concentration (C,,) coke density and fixed C
X Bed porosity (Z,) coke size and uniformity

charge and for even distribution of blast. In hot blast
cupolas, Cu water-cooled tuyeres and effective design
of shell cooling equipment are important features. In
all cupolas, reliable charging with even charge distri-
bution and accurate weighing facilities are important.

The furnace operates on the principle of continuous
counter current flow; solids pass down the shaft and
gases rise up. The solid charge comprises metallics,
coke and fluxes (usually limestone) charged as a bed
of coke. On top of the solid charge are layers of iron,
coke and limestone. Foundry coke is the basic fuel.
Combustion in the bed provides the thermal energy
required to melt and superheat the iron and for slag
formation. It has a strong influence on the amount of
C that dissolves in the iron?, as well as on the yields
of Si and Mn and cupola back pressure®. The
proportion of coke in the charge can be as much as
18% of the metal addition by weight depending on the
furnace operating conditions, combustion efficiency
and C requirements.

Air is injected through the tuyeres. The sensible
heat derived from the coke in the combustion process
depends on three gas-solid reactions. The exothermic
combustion reaction provides approximately 80% of
the thermal energy;

coke (~90% C) + air(~21%0,) - CO,
+ 30 240 kJ/kgcoke 2.1

Endothermic gasification reactions by CO,
generated in Reaction (2.1) and H,O derived from
moisture in the blast reduce the available heat;

coke (~90% C) + CO, - 2CO —

12 248 kJ/kg coke 2.2)
coke(~90%C) + H,O0 - CO + H, —
8900 kJ/kg coke (2.3)

Reactions 2.1 and 2.3 proceed to completion under
normal conditions. However, Reaction 2.2 does not,
and between 15 and 75% of the CO, produced in
combustion reacts endothermically with coke. Conse-
quently, one way of reducing the amount of coke used
in a cupola charge is to minimize the rate of CO

formation. Katz* has identified CO, gasification
mechanisms at various temperatures and related these
to behaviour in the cupola. Five primary variables
influencing gasification and the factors to which they
are related are shown in Table 2.1. Katz combines
these factors to define two important coke quality
indexes in an attempt to define the coke properties
that affect cupola performance using a scientific basis.
Experience has led to the suggestion that properties
such as coke density, size, strength of the largest coke,
reactivity, hot strength and ignition temperature are
factors that influence day to day variations in cupola
performance. Table 2.2 indicates typical coke specif-
ications.

The first index suggested by Katz is the hydraulic
radius’, which is the ratio of void volume to surface
area (R, = Z,D/6(1 — Z)). This is inversely related
to the rate of mass transfer of CO and CQO, between
the gas phase and the external surface of the coke
which controls the intensity of gasification in the coke
bed (temperature < 1250 °C). A high hydraulic radius
is associated with good thermal yield. The second
index suggested by Katz is related to the intermediate
temperature gasification mechanism. This is
considered to control the temperature at which gasi-
fication terminates. It is given by the pore diffusion
limited gasification rate constant, ko0 = 1/D (k'D,/
Cm)'?. This index contains temperature dependent
terms and is defined at 1000°C for comparative
purposes. Experimental studies®’ confirm that a low
index is indicative of good coke quality.

Strength is a further critical parameter suggested in
order to relate D and X, , measured before introducing
the coke into the cupola, with the actual values which
exist in the coke bed®. The hot combustion gases rise
up the stack and transfer heat to the cooler charge and
the furnace walls. The CO and CO, content of the exit
gas provide a good indicator of the combustion
efficiency in the coke bed. Cupolas commonly operate
with a CO level of ~ 13%. Anti-pollution regulations
require cleaning and CO reduction of the exit gas
prior to discharge to the atmosphere.

The metallics in the charge determine the tapped
iron composition and represent up to 75% of melting



Table 2.2 Specifications for foundry coke (after ref. 46)
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Coke Plant South Wales Durham

Cwm Coedely Norwood Lambton Derwenthaugh
Moisture 4% maximum 5.5% maximum 3.0% maximum 3.0% maximum 3.0% maximum
Ash 9% maximum 9% maximum 9.0% maximum 9.0% maximum 9.0% maximum
Volatile matter 1% maximum 0.7% maximum 0.7% maximum 1% maximum 1% maximum
Sulphur 0.85% maximum 0.85% maximum 1% maximum 1% maximum 1% maximum
Scm shatter 90 minimum 90 minimum 90 minimum 90 minimum 90 minimum
Index
Mean size 10.7 cm minimum 10.2 cm minimum 10.7 cm minimum 10.7 cm minimum 10.2 cm minimum
Undersize Not more than 4% less than 5.1cm

The above properties are requirements at the point of dispatch at the coke oven plant

costs. Because these are variable, they offer an area in
which careful selection can determine the viability of
the melting operation’. The metallic charge contains
pig iron, cast iron, steel scrap and, occasionally, iron
briquettes. The proportions are determined by
material availability, cost, product chemistry and
cupola mode of operation. Further adjustments in
iron chemistry can be made using carburizers and
ferroalloys'®. Examples of charges found technically
and economically suitable for grey flake irons are
given in Table 2.3".

The use of pig iron is a matter of tradition, although
it is relatively expensive. It provides C, Si, Mn and P
and alloying elements when required. If the liquid is
not overheated, it imparts characteristics such as
freedom from carbides, good response to inoculation
and consistently good microstructures to the iron.
These are the heredity characteristics referred to in the
previous section. Blast furnace pig iron is available in
various grades which differ in P content. There are
different Si and Mn ranges in each grade. Refined
alloy and special pig irons of various compositions are
available. Silvery pig iron (10-12% Si, 12-14% Si)
offers Si in more diluted form than ferrosilicon

(~ 50% Si). It can minimize Si variations in cupola
melted Si irons and reduce the risk of Al contamina-
tion. Special pig irons, like Sorelmetal, which is low in
Mn and residual elements, are used for spheroidal
iron production.

The most acceptable source of cast iron scrap is the
foundry’s own scrap of known composition. Steel
scrapis lowin C, Si, S and P. It is used to lower C and
Si contents, particularly in the production of higher
strength irons. However, all bought scrap must be
scrutinized carefully to avoid the introduction and
build up of harmful elements. These may originate
from Al components in engine scrap, Cr introduced in
stainless steel mixed with mild steel scrap, Pb from
leaded free-cutting steel scrap and non ferrous parts
mixed with steel scrap. Their influence on structure
and properties has been described in Chapter 1.
Purchased iron scrap should not be used in spheroidal
and malleable iron production. Only selected low P
grades should be used for producing high duty engin-
eering irons.

Alternative fuels are sought continuously due to the
high price of coke'’. One material suggested is directly
reduced iron ore (sponge iron), which is lower in C

Table 2.3 Typical furnace charges and iron compositions for several grades of grey flake iron

Typical furnace charges

Grade 150

Grade 300

Grade 400

10% pig iron

45% foundry returns

45% bought light scrap
Ferromanganese to keep S balance

20% refined pig iron
30% Gr 300 foundry
scrap

50% steel scrap

Typical iron composition

3.1-3.4% C 2.9-3.1% C
2.5-2.8% Si 1.5-1.8% Si
0.5-0.7% Mn 0.5-0.7% Mn
0.15% S 0.12 maximum % S
09-1.2% P 0.15 maximum % P

0.4-0.6% Cr
0.8-1.2% Ni

20% lon C pig iron
20% Gr 400 foundry
scrap

60% steel scrap

2.9 maximum % C
1.4-1.6% Si
0.6-0.75% Mn

0.12 maximum % S
0.15 maximum % P
0.5-0.6% Mo
1.5-2.0% Ni
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and residual elements than pig iron and steel scrap.
This makes it a possible charge material for ferritic
spheroidal and malleable irons. However, experience
shows that sponge iron must have a high degree of
metallization and low gangue content if cupola per-
formance is not to be affected adversely. The cost of
sponge iron must be sufficiently attractive to offset
any increased cost incurred due to extra additions of
pig iron, coke or ferroalloys and increased wear on
refractories.

An optimum size exists for charge materials. They
should not exceed one third of the cupola diameter,
otherwise scaffolding may occur leading to irregular
melting performance. Light, thin and rusty scrap
results in excessive Si and Mn oxidation losses and
reduced C pick up. Heavy steel scrap may not have
melted on reaching the coke bed. Whatever the
melting rate, the charge should be fluxed with
limestone. Fluxing produces a non soluble (in iron)
liquid slag that absorbs coke ash, rust, dirt and sand.
This aids the separation of slag and iron. Although
the mechanics of cupola melting are relatively simple,
control of chemistry and economical operation are
complex and depend on a unique combination of
physical and chemical factors as described in the
following sections.

Modes of cupola operation

There are several different cupola technologies and
modes of operation that influence iron chemistry and
thermal efficiency.

Acid or basic operation

Cupola operation may be acidic or basic depending
on the type of furnace lining and the slag composition.
Acid refractories are silica-based and are reasonably
inert to attack by molten iron and slag. They are less
expensive and of longer life than basic refractories
which are based on magnesia"’. The slag composition
exerts a strong influence on iron quality and opera-
tional conditions. Slag basicity is defined as the
(Ca0% + Mg0%)/Si0, % ratio of the liquid. If this
ratio exceeds 1, the slag is basic; if it is less than 1, it
is acidic.

Basic slags can be obtained by charging the cupola
with sufficient fluxes (limestone and dolomite) to
ensure the required Ca and Mg content. These
additions result in a greater slag volume than in the
acid cupola. The extent to which slag basicity can be
increased in an acid-lined cupola by fluxing is limited
due to attack of the lining. On the other hand, basic
linings are expensive and present installation and
maintenance problems. Consequently, the tendency is
to water cool the melting zone, which is unlined, and
to use a neutral lining in the well for slags with
moderate basicity and a C lining for slags of high

Iron
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Figure 2.2 The relationship between C and S of an iron,
slag basicity and iron temperature (after ref. 46)

basicity. This mode of operation is particularly cost
effective for large cupolas (>130cm diameter).
Increasing the slag basicity reduces S and O, increases
C pick up and causes higher Si loss. The relationship
between slag basicity and tapped C content for
charges of similar composition at various tapping
temperatures is shown in Figure 2.2,

Operations with an acid slag allow variation of C
over a wide range by varying the operational

Table 2.4 A comparison of the features of acid slag and
basic slag cupola operation

Feature Acid slag Basic slag
Carbon content Easily controlled Too high
preferable for
sections
thicker
than
20mm
Silicon loss About 10% Very high
preferable ~30%
Charge Pig iron usually Pig iron
needed may be
omitted,
preferable
Spheroidizing More spheroidizer Preferable
may be needed
Refractory cost Low preferable High
price but
offset in
part by
lower use
Coke consumption Low preferable High
Melt rate High preferable Lower
Iron cleanliness Lower due to Preferable
high S
Tapping temperature Higher preferable Lower




parameters that influence tapping temperature. Low S
levels may be achieved by basic slag operations but
the range of C contents is limited. This characteristic,
coupled with higher Si losses and the cost of fluxes
and refractories, has resulted in a movement away
from basic cupola melting for spheroidal irons to the
use of cold or hot blast acid-lined furnaces with car-
burization and desulphurization performed outside
the cupola. Basic and acid melting are compared in
Table 2.4.

The cold blast cupola

This is a much used mode of operation, particularly in
smaller capacity units. It offers a simple and cheap
construction suitable for producing irons of limited
quality at lower tapping temperatures. However, its
thermal efficiency is poor at ~ 30%. The main output
variables are melting rate, tapping temperature and
composition. Input variables affecting them are:

1. amount of coke charge and its quality;

2. the rate at which air is blown into the cupola;

3. the composition and the nature of the metallics in
the charge;

4. the quantity and composition of fluxes and

5. furnace design.

As the percentage of coke in the charge increases at
constant blast rate, the melting rate is reduced and the
metal temperature increased. The rate of increase of
the metal temperature decreases as the coke charged
increases. The coke influences composition indirectly
through its effect on metal temperature. Higher tem-
peratures promote C pick up and reduce Si and Mn
losses. Smaller pieces of coke have a greater surface
area:volume ratio. This makes more C available for
gasification, with a consequent loss in metal tem-
perature. Optimum cupola performance requires
larger coke in larger diameter cupolas. S is transferred
from coke to iron during melting. The higher the coke
S content, the greater will be the iron S content.

Increasing the blast rate increases the melting rate.
This increases the metal temperature to a maximum,
after which it decreases with further increase in blast
rate. The blast rate also influences metal composition
indirectly through its influence on metal temperature.
Increased blast humidity decreases metal tem-
perature. Blast rate and blast velocity, which can be
controlled by tuyere area adjustment, influence the
shape and size of the combustion zone and the melting
efficiency. Works'® has described how reducing tuyere
area to increase blast velocity increased melt
efficiency. This consequently reduced operational
costs as a result of a lower coke consumption, a less
costly mix of charge metallics, a higher metal tem-
perature and reduced lining loss due to a smaller but
more centrally located melting zone.

Composition of the charged metal is the major
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input variable influencing the tapped metal com-
position. In general, an increase in the level of an
element charged will result in a corresponding, but
diminished, increase in its tapped value. The tapped
metal composition is influenced by other elements
present in the charge. For example, increases in Si, S
and P gnd a decrease in Mn reduce the C pick up. The
physical, nature of the metallic charge pieces
influehces performance. Small light pieces increase
heat transfer. This increases metal temperature and
combustion efficiency, for example, when light steel
scrap is substituted for heavier pig iron. However,
such a change can lead to an increased S pick up.

The amount of limestone added is normally ~ 30%
of the coke addition. Too little limestone reduces the
slag basicity. This causes higher S pick up, reduces
metal temperature and does not flux the coke ash,
effectively reducing the efficiency of the coke
combustion. Too much limestone increases basicity in
an acid cupola without improving performance and
can lead to excessive Si loss. Auxiliary fluxes'®!” such
as fluorspar, soda ash and calcium carbide have been
used to supplement the fluxing action by increasing
the fluidity of the slag and reducing the risk of slag
build up around the tuyeres. These additions reduce
the S content and either increase or decrease (soda
ash) the metal C content.

An important cupola design feature is well depth.
This is the vertical distance between the centre of the
taphole and the centre of the tuyeres (see Figure 2.1).
If the cupola is tapped intermittently, the well depth
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is determined by the quantity of liquid required from
the furnace, each tap or that necessary to provide
adequate mixing capacity plus an allowance for the
slag produced between taps. If tapped continuously,
less metal and slag are held in the well and the above
requirement is relaxed. The well depth can then be
selected either to increase thermal efficiency (shallow
well) or to increase C pick up (deep well).

Experiments conducted by the British Cast Iron
Research Association (BCIRA) have illustrated these
effects'®. A series of melts were performed with well
depths between 46 and 152 cm. Two charges (90% pig
iron: 10% steel scrap and 50% pig iron: 50% steel
scrap) were melted in a 76cm diameter cupola
operated with a single blast and a coke charge of 15%
by weight of metal. Figure 2.3 shows the influence of
well depth on C content and metal temperature. The
Cincrease is equivalent to 0.13 and 0.43% for the high
and low C charges, respectively, for each metre
increase in well depth. Increasing the well depth did
not influence the Si, Mn, S and P contents. The ability
to increase C content in this way can be used for
economic gain by substituting steel scrap for pig iron
in the charge for a particular iron grade, although it
may be necessary to increase the coke charge to
maintain the desired tapping temperature.

Some European cupola manufacturers design well
depth to suit the type of iron produced. Cupola
tuyeres are placed just above the sand bed to restrict
C pick up if a low C malleable iron is being produced.
On the other hand, if a high C iron is to be produced,
the tuyeres are raised to a level that will give the
required degree of C pick up. The diameter or cross
sectional area of a cupola influences melting perfor-
mance. The smaller surface area:volume ratio of large
diameter furnaces reduces the radiation losses. This
results in higher metal temperatures, but the
combustion ratio (CO,%/[CO + CO,]%) is lower.

The variation of metal temperature with shaft
height (distance between tuyeres and charge door sill)
is small, provided the shaft height exceeds that
desirable for the cupola size. Undesirable fluctuations

Table 2.5 An example of BCIRA cold-blast cupola design data

in metal temperature and C content occur if the bed
height (height above the tuyeres to which the shaft is
filled with coke at the start of melting) changes during
melting or if the initial bed height is selected incorrect-
ly. An optimum bed height (usually between 130 and
140 cm) must be chosen. A compromise must be made
between a shallow bed, which gives metal of
consistent composition but, initially, of low tem-
perature, and a deep bed which quickly gives the
correct metal temperature at the expense of variation
in the tapped C content.

The above illustrates some of the many inter-
relationships between design features, input and
output parameters that make control of the melting
process in the cold blast cupola such a complicated
process. Design data for cold blast cupolas that can be
used to provide a specification to meet given require-
ments have been published by BCIRA". An example
of this data is given in Table 2.5. An example of its use
to specify characteristics of an intermittently tapped
cupola capable of delivering 70 tons of metal in 7h
with a coke charge of 12.5% is given below.

The well capacity requirement is 3 tons and the
charge consists of 40% returns, 35% steel and 25%
pig iron. The melting rate required assuming a 90%
utilization, is 11.1 tons/h. Columns 1 and 2 of Table
2.5 indicate a blowing rate of 5300 ft* of air per minute
for a metal:coke ratio of 8. This blowing rate
corresponds to a melting zone area of 14.19ft’ and a
zone diameter of 51 inches. Column 5 recommends a
blower capacity of 6360 ft* per minute at a discharge
pressure of 52 water gauge. Column 6 recommends a
well depth of 26 inches to accomodate 3 tons of liquid
iron plus 6 inches for slag, making a total well depth
of 32 inches. The tuyere area should be between 290
and 510 inches® distributed between 8 tuyeres. The
lining thickness should be 12 inches. A charge weight
of 15cwt is recommended for the high steel scrap
charge to provide a bed height of just over 5ft. The
shaft height should be 22 ft. A well capacity of 3 tons
will provide a mixing facility for four charges.

Col. Nos.
1 I ! 2 3 4 5 5 6 6 7 8 9 9
Melting rate ar Blowing  Melting  Diameter  Blower capacity Well capacity Total Numbers  Bed weight cwt
various metal:coke  rate zone melting tuyere of e —
ratios ton/h th/min areaft" zone Vol. Discharge  per per 3 in, area in. tuyeres per 5 ft.  per ft.
m. fimin  pressure  fi. hi.  height height height
10:1 8:1 6:1 w.g.
1.6 1.3 1.1 665 1.77 18 800 40 3.6 0.9 35-65 4 2.2 04
5.5 4.7 3.7 2230 5.94 33 2680 45 11.9 3.0 120-215 6 7.4 1.5
132 11.2 8.9 5300 14.19 51 6360 52 28.0 7.1 290-510 8 17.7 35
265 225 179 10650 28.27 72 12700 63 56.0 14.0 580-1020 10 355 7.1




The divided blast cupola

The thermal efficiency of a cold blast cupola can be
improved using a divided blast®. Most new cold blast
cupolas are built with this facility. Maximum benefits
are obtained'®*"** when;

1. the two rows of tuyeres are 90 cm apart;

2. the blast rates and controls for each row of tuyeres
are independent and

3. the blast is divided equally between the two rows.

Figure 2.4 shows that it is possible to obtain;

1. a higher tapping temperature and a higher C pick
up for a given coke consumption or

2.a reduced charge coke consumption and, if
required, an increased melting rate while maintain-
ing a given metal temperature.

For example, a coke charge of 15% used in a cupola
with one row of tuyeres gives a metal temperature of
1500 °C; with two rows, the temperature is 1545 °C. If
the metal temperature is maintained constant
(1500°C) a coke charge of 15% is reduced to 10.8%
with two rows of tuyeres. With a total blast rate of
43Nm’/min, the melting rate increased from
3.10tonnes/h to 3.69 tonnes/h with the lower coke
charge. Thus, conversion to divided blast aliows coke
consumption to be reduced by 28% and the melting
rate is increased by 19%. Depending on operating
conditions, coke savings were between 20 and 32%
and the melting rate increase between 11 and 23%. C

10T Increase in .
melting rate E:ducnon
Coke % charge coke
Two rows of tuyeres

© 1500 | .
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Charge coke %

Figure 2.4 A comparison of conventional and divided
blast operation indicating the benefits of increased tapping
temperature or reduced coke consumption and increased
melting rate gained from divided blast operation
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Figure 2.5 An estimate of savings as a result of changing a
10 tonnes/h cupola to divided blast operation (after ref.
18)

pick up increased by 0.2% with no other change in
metal composition when operating without reducing
the coke charge. When this charge was reduced to
maintain a constant metal temperature, C pick up
increased by 0.06% and the Si decreased by 0.18%.

Divided blast operation extends the operating
height of the coke bed and increases the depth of the
superheating zone. This means that the molten iron
droplets pass through a greater depth of incandescent
coke. Melting occurs well above the upper tuyeres in
a correctly designed and operated divided blast
cupola. Whether divided blast is used to increase C
pick up, reduce coke consumption or for an inter-
mediate combination of these benefits is determined
by the balance between the savings that can be made
in coke and charge material costs.

For example, Figure 2.5 shows estimated opera-
tional savings as a result of converting a 137cm
diameter cupola producing 10tonnes/h to divided
blast operation. Line a shows savings in coke con-
sumption based on Figure 2.4 assuming that the coke
charge was 12.5%. Actual savings are less. With
divided blast, the initial coke bed height should extend
90cm above that required for normal operation.
Extra coke is required for this and the reduction in
coke saving is indicated by line b. For short melts, the
saving in charge coke does not compensate for the
additional requirement for bed coke. The charged Si
level must be increased to compensate for Si loss. Line
¢ describes the overall saving when this is taken into
account and represents minimum savings.

Oxygen enrichment

Oxygen enrichment of the blast is an alternative
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Figure 2.6 The relationship between iron temperature and
coke charge for conventional and divided blast cupola
operation and the effect of various methods of using O,
(4% enrichment level). Conventional operation; a, without
O; b, blast enrichment (+ 15°C); ¢, tuyere injection
(+40°C); d, injection 23 cm below tuyeres (+ 50 °C); e,
injection 61 cm below tuyeres (+ 85 °C); f, injection 91 cm
below tuyeres (4 85°C). Divided blast operation; g,
without O (+ 50 °C); h, blast enrichment (+ 85 °C)(after
ref. 27)

method of increasing thermal efficiency™ 2.

Compared with normal operation, the use of oxygen:

1. results in a higher metal temperature, a higher C
pick up and a lower Si melting loss for the same
coke consumption. The higher C pick up allows
metallic charge costs to be reduced by partial re-
placement of pig iron with cast iron or steel scrap
and the smaller Si loss reduces charge costs;

2. allows coke consumption and cost to be reduced
for a constant metal temperature with no increase
of C pick up and no reduction in Si melting loss and

3. permits more rapid attainment of metal tem-
perature at the start of melting or following a blast
cut off period and so minimizes cost penalties or
casting defects due to the use of cold metal.

The effectiveness of oxygen depends on the method
of injection either:

1. blast enrichment achieved by feeding oxygen into
the main blast where it is mixed with air before
entering through the tuyeres;

2. injection at the tuyeres; entry is through stainless
steel injectors inserted in the tuyeres or

3. injection into the well; oxygen is injected into the
coke bed beneath the tuyeres using water cooled Cu
injectors.

Measurements of the influence of oxygen
enrichment in a 76 cm diameter acid cold blast and
divided blast cupola are shown in Figure 2.6%.
Maximum increase in metal temperature occurred
with well injection for single blast operation and for
injection at the lower tuyeres for divided blast
operation. Coke savings for constant metal tem-
perature can be deduced from Figure 2.6. These
results show that divided blast operation without
oxygen provided a higher metal temperature than
oxygen enrichment, except for injection into the well
which poses a number of problems that have curtailed
its use. Indeed, it is generally accepted that the first
consideration in reducing melting costs in cold blast
operation is the introduction of divided blast.

Further benefit may be derived from using oxygen
with divided blast. This combination provides an
attractive alternative to hot blast operation for
cupolas producing up to 10tonnes/h. An important
use of oxygen enrichment has been to increase the
melting rate of an established cupola to well beyond
its normal rate'®”. Figure 2.7 shows the improve-
ments possible in the cupola referred to in Figure 2.6.
If the metal temperature is not increased, the coke
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Figure 2.7 The effect of increasing the degree of O
enrichment by supplementing the blast of a divided blast
cupola. O is used to enrich the blast supply to the lower
row of tuyeres (after ref. 18)



charge can be reduced, resulting in a higher increase
in melting rate than indicated in Figure 2.7.

Prior to 1970 the use of oxygen was not justified
economicallly, but the increase in energy costs in the
1970s changed the situation. However, in the United
Kingdom in the early 1980s coke prices stabilized
whilst oxygen prices rose sharply. Cairns® concluded
that the most economical method of producing a
required metal temperature was to operate with a
divided blast without supplementary oxygen
enrichment.

The hot blast cupola

Although Fauer is credited with conceiving hot blast
cupola operation as early as 1832 as a means of
increasing thermal efficiency, it is during the last 50
years that this mode of operation has come to the
fore. It now represents the most economical mode of
operation for cupolas melting 10 tonnes/h or more for
more than 40 h/week. Practice in the USA has been
centred mainly on basic or neutral operations™>',
Development of the acid hot blast is associated with
the West German foundry industry®.

Using a hot blast produces a shorter and hotter
combustion zone. Melting occurs higher in the
combustion zone as hotter metal droplets remain in
contact with hotter incandescent coke. These factors
combine to produce with a constant charge:

1. a reduction in coke consumption;
2. increased C pick up in the iron;
3. reduction in Si loss and

4. increased metal temperature.

However, it is the secondary advantages that are
important in terms of melting economies. These
include the ability to use any available ferrous raw
material for all types of iron, in particular, the use of
scrap instead of pig iron, and the ability to use
liningless cupolas with external pressure systems for
long campaigns.

The sensible heat in cupola gases (N, and CO,)
preheats and melts the iron whereas the latent heat
(CO) escapes. At a given coke ratio and blast rate, the
CO concentration increases and the sensible heat
decreases as the hot blast temperature increases.
Although it may seem that this is disadvantageous,
the successful melting of steel scrap requires the
presence of reducing gases as well as higher tem-
peratures. Only under these conditions is it possible to
control Si and Mn losses, to improve S absorption by
the slag, to obtain the necessary C pick up and to
reduce iron oxides in the scrap charge. It is necessary
to use high coke ratios to achieve these conditions, but
the saving in raw material costs can heavily outweigh
the extra coke cost. Modern hot blast cupolas are
designed to operate with coke ratios of 14 to 16% and
with a charge containing 60 to 65% steel scrap and 35
to 40% returns and no pig iron.
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Originally hot blast cupolas were fully lined and
discharged their waste gas through chimneys to the
atmosphere or burnt it in a flare stack to destroy the
CO content. It was not used to preheat the blast
because of difficulties of dealing with the dust laden
gases which damaged heat exchangers. However,
strict environmental regulations and the need to
recover thermal energy from the waste gas has led to
the use of cleaned gas for blast preheating®.

Limitations imposed on furnace operation due to
the need for frequent relining of the shaft and the cost
of the refractories led to design developments and the
introduction of the liningless cupola®. The tapered
liningless shell of the melting zone and shaft are
cooled externally with water sprays and the hot blast
is introduced through projecting water cooled Cu
tuyeres. Linings are normally used below the tuyere
level and in the area of the top gas ducts. In a con-
tinuously tapped furnace the iron and slag are
separated outside the well either in an atmospherical
syphon or, as in Figure 2.8., in a pressurized syphon
from which iron and slag are tapped separately. The
pressurized syphon reduces refractory wear in the
well, increasing its life to several weeks. The slag
separator requires relining more frequently, but
interchangeable units are used in long melting
campaigns.

mmmbAA222,
N I
|r0n(a)

(b)

Figure 2.8 Pressurized slag skimmer in two stages of
operation (a) cupola tapped iron runs down the launder
and slag accumulates in the well; (b) enough slag has
gathered to depress the metal below the top of the tap
hole and slag flows over the slag notch. The height H is a
critical dimension. If too small, the head of metal in the
spout will not resist the pressure of gas in the well and the
taphole will blow. If too great, the slag will rise in the
furnace and may even reach the tuyeres before it can
escape
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Table 2.6 Heat balance for a 20 tonne/H~ water cooled
liningless cupola (after ref. 41)

Energy sources kJ/tonne %

Heat in the iron 1276974 34.0
Heat in the slag 135736 3.6
Reduction in limestone 62802 1.7
Sensible heat in cupola gases 221900 59
Latent heat in cupola gases 1443944 38.5
Cooling water loss 478 509 12.8
Other losses 131507 35

Several methods have been described for waste gas
treatment® . In the installation described by
Bardenhauser, the waste gases leave the cupola at
about 300°C, are cooled below 140°C and then
cleaned to less than 75mg/Nm?® of dust using a wet
system (venturi scrubber or a disintegrator system).
The cleaned gas with a CO content of 10-15% is fed
into the recuperator and burnt with preheated air.

A thermal balance for a 20tonne/h liningless hot
cupola is shown in Table 2.6* . The thermal efficiency
is ~40% if the thermal energy is not recovered from
the waste gases. Approximately 50% of this energy
can be recovered when the thermal -efficiency
approaches 60%. A considerable amount of thermal
energy is lost through the shell. Figure 2.9* shows the
undesirable effect of liningless operation for small
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Figure 2.9 Heat losses through cupola shells; a, 23-cm
lining, b, 2.5-cm lining, ¢, unlined for 1.5m, d, unlined for
3.7m, e, unlined for 8 m (after ref. 42)

diameter cupolas and larger diameter cupolas cooled
over a shell length of 3.7m or more. Heat losses are
reduced considerably even with a thin refractory
lining.

It is necessary to evaluate the trade-offs between the
cost gains from long campaigns and lower lining cost
and the labour cost of more frequent lining repairs but
reduced coke costs. The hot blast, liningless, water
cooled cupola is a high-cost investment and has been
used in foundries requiring high output operating for
between 8 and 24h per day®™®. Its advantages
include*:

1. only one cupola is required;

2. internal repairs are only required after one or
several weeks operation;

3. a constant diameter and more consistent melting
conditions are maintained throughout a long
melting campaign;

4. C pick up can be regulated using a pressurized slag
skimmer and adjustment of well depth so that
malleable irons of low C content or flake irons of
relatively high C content can be produced from
charges consisting entirely of steel scrap and iron
returns;

5. operation with basic slags allows production of
irons containing ~4.0% C and ~0.01% S which
are suitable as base irons for spheroidal irons and

6. extra flexibility can be achieved with divided blast"’
and oxygen enrichment*,

The cokeless cupola

A cokeless cupola is fired either by gas or oil. It is
illustrated in Figure 2.10 and has been described by
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Figure 2.10 The cokeless cupola; a, charge, b, heat
exchanger bed, ¢, fuel, d, carburizer injection port, €,
molten iron tap, f, slag, g, molten iron, h, slag tap, i,
burner, j, water cooled grate




Tate®'. The furnace has a number of gas or oil
burners equally spaced around the shaft. The grate
consists of water-cooled steel pipes covered with
refractory and is located above the level of the
burners. The iron melts on top of the bed and is
superheated on passing through it. The molten iron
collects in the well and is tapped as required. A car-
burizing agent is injected into the well just below the
burners and above the slag level. Advantages of the
cokeless cupola are a low dust content of the effluent
gas and a very low S pick up. Cokeless cupolas are
attractive in countries where the coke has to be
imported and is expensive. They offer the opportunity
of producing both grey and spheroidal irons from the
same melting unit.

Modelling of cupola melting

Previous sections have described the many and inter-
related parameters that make cupola operation such a
complex phenomenon. The foundryman must be
innovative to achieve energy savings whilst satisfying
compositional requirements. The selection of
optimum operating conditions is simplified and
confidence to make changes is given if cupola
operation can be simulated. Process modelling makes
this possible.

Net diagrams were the first operational aids. They
are graphical representations of the major parameters
in cupola operation. However, the number of
variables that can be presented is limited. It is
assumed for a given cupola in a particular foundry
that design features are constant and operational
variables such as the nature and size of charge
materials remain constant. With these assumptions,
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Figure 2.11 Cupola net diagram showing the advantage of
operating at optimum blast rate (after ref. 56)
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the diagram details the relationship between input
variables, blast rate and coke rate and output
variables, melt temperature and melting rate. Defined
in this way, a net diagram is only accurate for the
cupola from which the data for the diagram was
obtained. Design changes such as diameter and well
depth and operational changes such as hot blast,
oxygen injection, carbide additions etc. are considered
to displace the net diagram but to retain essentially
the same shape.

The concept of the net diagram can be traced to
Jungbluth and Korschan®. Their work was translated
by Massari and Lindsay who published a series of net
diagrams for cupola diameters varying from 90 to
180 cm®**. Wright® suggested replacing the series of
diagrams with a single diagram in which the melt rate
and blast rate were divided by the cupola cross-
sectional area. Figure 2.11 illustrates the net diagram
due to Patterson et al.*. It is based on studies on a
75c¢m intermittently tapped cold-blast cupola. The
blast rate is expressed as the number of standard cubic
feet of air supplied per minute for each square foot of
cupola cross-sectional area in the melting zone. The
melted per hour for each square foot of cross-section-
al area. The diagram quantifies the relationships
between input and output variables and defines the
optimum operational conditions. For a constant coke
charge quantity, there is a certain blast rate and cor-
responding melting rate, referred to as the optimum,
at which a maximum metal temperature is attained.
For example, Figure 2.11 shows that a metal tem-
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Figure 2.12 Net diagram for a 150 cm diameter cold blast
cupola; (a) 24-inch well; (b) 38-inch well (after ref. 59)
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perature of 1450 °C can be obtained using 14 1bs. of C
per 1001bs. of iron and a blast rate of 275 ft*/ft*/min
with a melting rate of 0.51 tons/ft*/h. However, under
optimum conditions the same metal temperature is
achieved using 10.51bs. of C per 1001bs. of iron with
a blast rate of 355 ft*/ft®/min giving a melting rate of
0.83 tons/ft?/h.

Operating close to the optimum also means that
variations in blast rate, which often are unavoidable,
have less effect on metal temperature than when
operating under conditions away from the optimum.
Figure 2.12 shows the net diagram published by
Briggs obtained from a computer model based on
statistical data from a 150-cm diameter cold blast,
continuously tapped cupola. This diagram is less
peaked than that in Figure 2.11. The displacement of
the diagram for a change in well depth is illustrated.
Alternative methods of net diagram presentation have
been suggested by Rehder’’ and Creese and Bur-
hanuddin®. Figure 2.13 shows the diagram suggested
by these authors. The variables under direct control of
the operator, the C rate and the blast rate, are rep-
resented by the coordinates. The influence of blast
rate and C rate on metal temperature and melting rate
are easily read from the diagram. Figure 2.13 shows
that if the metal temperature is increased from
2550 °F to 2750 °F, the optimum blast rate increases
from 320 to 380 ft’ min/ft> and the C rate from 8 to
13.5%. This 70% increase in the C rate emphasizes
that the cupola is an expensive superheater.

Mathematical modelling of cupola melting has
been performed for several years and used, for
example, to calculate net diagrams®. The full benefits
of such models are now being realized with the aid of
computers®®®'. Correctly programmed, the computer
reduces an analysis of the influence of changes in
operating variables such as blast rate, hot blast tem-
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Figure 2.13 A simplified net diagram (after ref. 58)

perature, coke quality, oxygen enrichment, furnace
dimensions, ambient conditions and product
chemistry on, for example, coke usuage and material
charge costs to a simple, rapid process that can be
performed on entry of a short list of relevant informa-
tion. Thus a simple sequential presentation of the
problem item by item replaces previous complex and
tedious calculations. However, the major benefit of
computer analysis is its ability to interact with the
operator and to react to his needs. Interaction can
range from an instantaneous appearance of a warning
of prompt to a complex series of options presented to
the operator at a decisive point in the program. The
Canmet series of programs® * described in Chapter 1
provides this aid for cupola operators.

Electric melting

Electric melting in the form of induction, arc and
resistance furnaces has been used increasingly during
the past decade for primary melting and holding.
Induction melting is the most popular. Its advantages
include an ability to use a wide range of charge
materials to produce irons of a specified composition,
to hold and tap at closely controlled temperatures, a
high degree of metallurgical control and reduced en-
vironmental pollution compared with the cupola®.
Other differences are: energy control independent of
the liquid metal reactions; a small volume of slag that
is cold and does not play as significant a role in
compositional control; and a liquid stirring action
that produces rapid incorporation and distribution of
solute additions.

Induction melting
Basic concepts

In the coreless induction furnace an alternating
current is passed through a copper coil surrounding
the refractory crucible which contains the charge to be
melted. The current in the coil acts as the primary in
a transformer and induces eddy currents in the
charge, the secondary of the transformer. The eddy
currents penetrate the metal pieces in the charge to a
depth determined by the equation:

1 /¥
d = TN 2.4)
where ¥ is the resistivity (ohm cm. x 107°)
4 is the magnetic permeability of the charge
[fis the frequency of the power supply (Hz) and
d is the depth in cm.

Approximately 430 kWh of energy are required to
heat one tonne of iron from room temperature to
1538 °C. This represents approximately 75% of the
energy input, the remainder is lost through the



cooling water and by radiation to the lining. Equation
(2.4) is the basis of furnace classification:

mains, normal or line frequency 50 Hz,
triple frequency 150 Hz and
medium frequency > 200 Hz.

It also determines the minimum size of the
individual components of the furnace charge.
Medium frequency furnaces can melt fine charges but
melting from cold in a mains frequency furnace
requires a solid ‘plug’ of metal which is almost the
dimensions of the internal diameter and occupies a
third of the crucible volume.

The turbulence generated in the melt is porportion-
al to the furnace power and inversely proportional to
the square root of the frequency. This imposes an
upper limit to the amount of power that can be
applied to a given size of furnace at a particular
frequency. For example, it is unusual to apply more
than 200-250kW per tonne of furnace capacity at
mains frequency. This means that the effective
maximum hourly melting rate is about a third of the
total capacity. Turbulence is beneficial for the rapid
assimulation of additions but can be a disadvantage
when the charge is prone to oxidation or gas pick up.
The crucible can be preformed in smaller furnaces but
is usually formed by ramming a refractory lining
between a steel former and the furnace coil. The
former remains in position during the slow heating of
the first charge and supports the lining until sintering
occurs.

Mains frequency induction furnaces

This is the most popular type of electric furnace with
capacities up to 40 tonnes. The need for a plug when
melting from cold and the slow melting rate until the
charge is 70% liquid means that this furnace is most
economically operated when a liquid heel of about
70% of the furnace capacity is maintained at all times.
Mains frequency furnaces are suited to continuous
production runs on similar grades of iron.

The charge must be dry. This can be achieved by
preheating, which can also reduce overall energy costs
and increase the melting rate®. One of the advantages
of electric melting is flexibility of charge selection and
sizes. However, extremely dirty and rusty scrap
generates excessive slag which increases deslagging
time and lining thickness which results in an inability
to draw full power. Induction furnaces are usually
lined with SiO, with ~ 0.8% boric oxide®’. Both the
design and the thickness of the lining influence the
performance. The thinner the lining, the better the
coupling, which means that more power can be
obtained with a constant voltage. However, the
thinner the lining, the shorter is its useful life. The
average lining thickness can be related to electrical
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impedance;
impedance oc average lining thickness oc ¥?/P

where Vis voltage and P is the power. Measurements
of 2/ P combined with true average lining thicknesses
can be used to construct a graph relating ¥?/P and
lining thickness®. In this way ¥*/P measurements can
be used to determine relining time and the ideal
average lining thickness to maximize power input.
Lining design can be used to maximize refractory
performance by increasing the thickness in areas of
maximum wear but still retaining the average
thickness over the coil length.

Medium frequency induction furnaces

The medium frequency furnace has become in-
creasingly popular during the past decade, particular-
ly since solid state frequency converters replaced
rotary generators®. Melt capacity varies from 2 to 20
tonnes. Power is up to 750kW per tonne capacity
using frequencies in the range 200 to 1000 Hz. The
charge to tap time is about 1-2h and the melt rate
2-10 tonnes/h.

Like triple frequency, medium frequency furnaces
offer the small to medium foundry a very flexible
melting facility. It can be started with a cold charge.
This gives an efficiency comparable to that of melting
with a liquid heel and allows the composition to be
changed from charge to charge. However, when
melting from cold there is a greater risk of charge
bridging resulting in a molten pool forming in the
bottom of the crucible and overheating. To avoid this,
the maximum size of any piece of the charge should
not exceed one third of the bath diameter. Bridging
may occur also when using borings, so their
proportion should be limited to 25%.

Wilford® has made a detailed comparison of mains
frequency and high power density medium frequency
furnaces. The total cost of a medium frequency in-
stallation can be less than a mains frequency alter-
native because of lower installation costs. Table 2.7
compares the characteristics, operating cycles and
energy requirements of mains and medium frequency
furnaces each with a metal production capability of
4.7 tonnes/h.

The lower energy consumption of the medium
frequency furnace stems from the lower heat losses
from a smaller capacity furnace. Although it is
emptied after each melt and then charged during a
significant part of the power on time, the heat losses
are less than during the shorter charging time for the
mains frequency furnace because the cold layer of
charge on top of the melt is preheated and carries a
large proportion of escaping heat energy back into the
melt.

The analysis in Table 2.7 applies to furnaces which
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Table 2.7 Comparison of mains and medium frequency furnaces each with a metal

production capability of 4.7 tonnes/h (after ref. 69)

Characteristic Medium Mains
[frequency [frequency
Furnace capacity 4 tonnes 12 tonnes
Installed power 3000 kW 3000 kW
Frequency 500 Hz 50 Hz
Bath diameter 93 cm 114 cm
Power supply efficiency to coil 96% 97%
Coil efficiency 80% 80%
Melting power on 40 min 39 min
Time lost for charging 4 min 4 min
Deslagging, temperature and analysis time 5 min 5.5 min
Tapping time 2 min 2.5 min
Cycle time 51 min 51 min
Energy to melt 4 tonnes to 1500 °C 1480 kWh 1480 kWh
Energy consumed for this 1927 kWh 1907 kWh
Furnace loss per cycle with lid on 40 kWh 136 kWh
Energy loss during charging with lid off 10 kWh 19 kWh
Energy loss during deslagging 16 kWh 26 kWh
Extra energy used to replace energy 34 kWh 58 kWh
losses with lid off
Total energy consumed 2001 kWh 2101 kWh

are producing metal continuously at maximum
output. The medium frequency furnace is particularly
attractive when output falls below those levels. This

can occur because of:

1. operating restriction to one or two shifts per 24 h.
2. reduced melting rate because of reduced metal

demand and

3. reduced melting rate because the furnace is being
used as a metal dispenser as well as a melter.

800 - ) 1 )
S| S St
5 ®, S
i @ @ !
%: 8'1 8':
= = +
oor z £ z
iy o~ |
] : ' 1
c ' !
< | )
s ! : !
= 600} ) H :
; i 4 '
~ ! : I
1
i 1 |
) ' [
500 : - !
4 1 1
1 1
1 ! :
1 ' |
1 1 1
, I l
1 2 L L L J
0 25 50 75 100

Percentage of maximum iron output

Figure 2.14 Calculated energy required to produce various
daily throughputs of molten iron from a mains frequency
and a medium frequency furnace; (a) mains frequency
furnace, (b) medium frequency furnace (after ref. 69)

The reduced efficiency of the mains frequency
furnace as productivity falls is evident from Figure
2.14. An important charge constituent in electric
melting is alloy and C additions. Wilford® reports
trials which showed that the recovery of C (~84%)
was less than that obtained (~ 95%) with additions to
a mains frequency heel. Si recovery was less than that
of C which is contrary to general experience.
However, the recovery increased to 98% when fer-
rosilicon was added to a deslagged bath at 1500 °C.
Final compositional adjustments depend for their
success on having sufficient metal movement at the
melt interface. Wilford defines a characteristic metal
surface velocity which governs the rate of dissolution.
For the melting furnaces discussed, the metal surface
velocity is considered to be proportional to the height
of the surface meniscus given by:

P, x k

where M is the meniscus height as % of L,
P, is the induced power,
k 1is a constant,
D is the bath diameter,
L is the coil length and
f is the frequency.

Thus, in addition to the maximum power:weight
ratio discussed earlier there exists a minimum ratio
necessary for adequate stirring to dissolve C additions
efficiently. The ratio increases as the frequency
increases, as shown in Table 2.8. Melting rate is not
the only factor to be considered in power rating
selection. If high C.E.V. irons are being produced at



Table 2.8 Calculated power levels at 200 and 600 Hz to
provide similar metal flow velocities as obtained with mains
frequency furnaces of three capacities (after ref. 69)

Furnace Frequency

capacity

Lonnes 50 Hz 200 Hz 600 Hz
2 400 kW 600 kW 1000 kW
4 800 kW 1200 kW 2000 kW
6 1200 kW 1800 kW 3000 kW

low tapping temperatures, power ratings at least equal
to those in Table 2.8 will be required. However, lower
ratings which will prolong refractory life can be used
iflow C.E.V.irons are being produced at high tapping
temperatures.

A careful approach to final tapping temperature is
necessary if a high power density is used. A medium
frequency furnace powered at 875kW per tonne at
600 Hz requires only 2 min to superheat a melt from
1400 to 1500°C. This time may be insufficient for
solution of final C additions. The problem may be
overcome by reducing the power input to lengthen the
superheating time or making additions of a solid
charge during the superheating period.

Channel furnaces

The main features of a channel furnace are shown in
Figure 2.15. The metal ring or channel occupies about
7% of the total melt volume and is a single coil of low
impedance acting as the secondary of the inductor

Spout
Tilt axis

Bath

Throat
Loop

or
ring

Figure 2.15 Schematic representation of a channel furnace
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transformer. A high current is induced in the channel,
resulting in convection currents which push hot metal
through the throat into the bath and draw cold metal
down into the channel. This stirring action allows
cold charge additions to be taken into the melt
quickly. This furnace operates at mains frequency and
is primed with molten metal. A liquid heel must be
maintained at all times and power drawn throughout
a melting or holding campaign.

Developments such as multi-inductors, the quick
change inductor, selected use of refractories, the
permanent roof and improved throat and inductor
design have made channel furnaces very popular.
Large capacity vertical and horizontal drum furnaces
with inductor ratings up to 3000kW are used™.
Increased power ratings have made the vertical
channel furnace a useful melting unit. Its attractions
are an ability to melt during off peak tariff periods and
to pour a range of casting sizes up to the useful
capacity (total — liquid heel) of the furnace.

An energy balance for a 40-tonne capacity furnace
is shown in Figure 2.16"""*. The holding power re-
quirement to combat energy losses from a full furnace
at 1450°C is 265kW from Figuree 2.16. During
melting, 19 tonnes are charged during one night
resulting in an energy loss of 36 kW/tonne charged
during lid off time. In addition, there is a deslagging
loss of 5kWh/tonne. A power input of 1060 kW was
required to melt 1.75 tonnes/h to 1500 °C.

This corresponds to a melting efficiency of ~ 65%,
which is less than usual for a mains frequency coreless
furnace (70-75%). However, the channel furnace

Lid 43.1 kW
( |
< Upper case
Platform 28.1 kW
20.4 kW
Lower case
41.5 kW
e
Base
13.7 kW
O=e—F—coil 18.0 kW
Bushing
42.9 kW
Induction box
50.8 kW

Figure 2.16 Energy balance for a 40 tonne channel furnace
(after ref. 72)
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provides a holding capacity. Other advantages are a
consistent and repeatable chemistry and accurately
controlled temperature. However, lack of surface
stirring hinders rapid alloy assimulation. Also, the
necessity of maintaining a liquid heel reduces flexibil-
ity in changing iron grades. As with any furnace
maintaining a liquid heel, reduced daily demands
cause rapid increases in the energy required per tonne
of metal cast.

Horizontal channel furnaces are used extensively as
holding furnaces in duplexing actions. Wilford and
Langman” have discussed the selection of the
optimum channel furnace storage capacity from a
knowledge of the rate of supply of metal from the
melting furnace and the demand from the moulding
line. Operating experience shows that the power
required per tonne to hold liquid iron is independent
of furnace capacity above 25 tonnes. Hence, the
power required for larger capacity holding furnaces
can be evaluated from the energy balance in terms of
that required to overcome circuit inefficiencies and
standing heat losses, that is, 265kW for the furnace
considered in Figure 2.16. Any power input above
that required to balance the heat losses superheats the
iron with an efficiency of ~95%. This energy transfer
is almost independent of holding temperature. It
explains why the induction furnace is more
economical than the cupola for superheating.

During production, the holding temperature will
fluctuate depending on the temperature of the
incoming iron, the bath temperature and the relative
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Figure 2.17 Influence of a delay in metal supply and a
doubled rate of metal take off on the temperature of a
20-tonne capacity channel furnace a, 10 tonnes of metal
added at 1430°C; b, delay in metal supply; c, doubled rate
of metal take off. The power input is sufficient to return
bath to 1480 °C one hour after charging. The metal is
charged hourly and 1 tonne is tapped every 6 minutes

volumes of metal introduced and that in the bulk. The
fluctuations will be minimal if the volume charged is
small and the holding furnace is full. The temperature
of the incoming metal should be restricted to ~ 30°C
above the bath temperature if excessive superheating
is to be avoided. This is because the rate of loss of heat
through the furnace cannot compensate for the high
temperature input, especially if significant furnace
power has to be maintained to keep the induction
loop open. If the metal charged is at a lower tem-
perature than the bath, superheating can occur if
there is a delay in the supply of liquid iron or if a
higher tapping rate is required, as shown in Figure.
2.17. Many of these fluctuations can be avoided if the
furnace power is regulated.

The temperature and time of holding, type and size
of furnace and the manner in which it is operated
influence the iron composition and the graphitization
potential of the liquid. The C and Si concentrations
are controlled by the equation;

Si0;, + 2C = Si + 2CO (2.6)

If the furnace temperature is below the equilibrium
temperature of this reaction the C and Si losses will be
small unless the atmosphere is oxidizing. In an
oxidizing atmosphere loss will occur until the surface
is covered with slag. However, above the equilibrium
temperature, C is lost from the iron by reaction with
oxygen in the slag to form CO. If the atmosphere is
oxidizing Si is subjected to simultaneous oxidation
and reduction, whilst C is continuously oxidized by
SiO, and the furnace atmosphere. A shielding
atmosphere limits the oxidation reactions.

Losses are minimal in well sealed furnaces. For
example, a C loss of only 0.03% was reported” during
holding for 14 days in an alumina lined 90-tonne
furnace with a teapot inlet and outlet spout. Losses
are related to the exposed surface/volume ratio, the
degree of stirring and the degree of turbulence caused
by tapping in unsealed furnaces. Although com-
positional changes can be small in large furnaces, it
can be difficult to prevent losses in small furnaces.

An attraction to spheroidal iron producers is the
storage of several Mg-treated batches in a single
furnace and the tapping of iron with a controlled Mg
analysis at a controlled temperature. Different
approaches have been described. One uses a pressure
tight channel furnace with argon gas to force metal up
a teapot outlet spout for tapping’ and another uses a
bath-tub type which is open to the atmosphere, with
a wet rammed high alumina refractory in the inductor
and furnace body”. Mg loss occurs in a controlled
manner in both instances’”” but the formation of Mg
compounds causes the channel’s electrical resistance
to increase”’.

In general, the nucleation level is lower in electric
melted irons because the longer residual furnace time
allows for graphite dissolution and non metallics,
which may increase the nucleation, to be taken up by



the slag. Iron in a holding furnace prior to foundry
start up is likely to have achieved the base level of
nucleation, which depends primarily on the C.E.V.
and alloy content of the iron’. During the working
shift, movement in the liquid graphitization potential
will reflect that of the added metal, diluted by the
stored volume and any change due to C and Si loss
during holding. The potential will return to the base
level on holding to the next casting operation. Loss of
graphitization potential is not a problem during
holding, provided chemistry is maintained. Con-
ditions for this have been described above.

Arc furnaces

Arc furnaces are used to melt about 5% of irons
produced and although used occasionally as a holding
furnace, they are not as suitable for this purpose as
induction furnaces. Energy transfer in the arc furnace
occurs mainly by radiation from the arc produced by
current transfer from graphite electrodes to the charge
material and/or melting bath. Radiation conditions
are particularly favourable because of the high arc
temperature. Only about 5% of energy transfer
occurs by direct current flow. The furnace is a flat
hearth type with a large area:volume ratio. This is
partly to satisfy design requirements and to
compensate for poor stirring in the liquid.

The energy supplied per unit time is the main factor
influencing melt rate. It is also influenced by the
proportion of borings and turnings charged, the
amount of oil and water present on the charge
material, charge density and power input after
meltdown. Full power can be applied only during
meltdown because application after melting can lead
to refractory melting and local overheating of the
iron. The energy consumption for melting falls in the
range 520-580kWh/tonne. Melt rates are up to
25tonnes/h and tapping times are from 1-2h. Arc
furnaces are very reliable and robust and versatile
with respect to the type and condition of the charge.
A typical charge consists of 40% returns, 40% steel
scrap and 20% borings. Major problems include
frequent refractory repair, high noise and effluent
levels, and difficulty in producing a consistent analysis
for irons with > 3.2% C from low-C raw materials in
a satisfactory tap-to-tap time. This is a consequence
of the low level of agitation in the liquid that restricts
efficient and reliable C pick up.

Refractory materials are selected to be compatible
with the mode of operation. Roofs are constructed
independently of the furnace from 60-95% ALO;
brick. Sidewalls have to withstand the arc tem-
perature, slag and iron splash and slag and metal at
the slag-metal interface. Various grades of MgO brick
are used by spheroidal iron producers to withstand
basic slag operation. Grey and malleable iron
producers use Al,O; or SiO, for acid slags for both
sidewalls and furnace bottoms. The standard repair
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practice is gunning. Areas requiring the most
attention are sidewalls and upper portions of furnace
bottoms. The introduction of water-cooled furnace
panels has reduced the extent of damage to the
sidewalls, permitting the use of full power after
meltdown, and thus increasing productivity.

Resistance furnaces

This type of furnace is used in automatic pouring
systems. It provides up to 30 tonnes of iron in the line
to cushion demand. Energy transfer is by radiation
from graphite elements situated above the bath.
Energy must pass through the slag to reach the metal.
This becomes the limiting factor for heat transfer
because most conductive slags are good insulators
and maintain large temperature gradients. The
heating source is exposed to the environment, which
increases heat radiation losses. Furnaces are shallow,
particularly in areas distant from the heat source, in
order to increase heat transfer efficiency and
uniformity. Advantages of the resistance furnace
include durability and reliability, superior refractory
life and the ability to switch furnace power off without
damage to the heating element.

Compositional control during liquid
metal preparation

Composition not only defines the grade of iron but
the structure, properties and soundness of castings
within any grade. Compositional control is achieved
during primary melting and in separate treatment
processes prior to casting.

Gases in cast irons

The influence of gases on the structure and properties
of cast iron has been described by Hughes”. Signifi-
cant gases are oxygen, nitrogen and hydrogen.
Typical concentration ranges are: oxygen, 0.005-
0.01%, nitrogen, 0.0015-0.015% and hydrogen
0.00005-0.000025%. Actual values depend on the
type of iron and method of melting as illustrated in
Table 2.9 for nitrogen. Oxygen and nitrogen are
picked up mainly during melting, although nitrogen
may be gained from binders used in core and
moulding sands. Abnormally high hydrogen contents
are not associated with melting, with the possible
exception of the first metal produced from the cupola.
Instead they are associated with the reaction of liquid
iron with moisture in the mould promoted by reactive
minor elements Mg and Al Oxygen influences
structure through both nucleation and growth.
Hydrogen is surface active with graphite. It is additive
in its action with elements like S, such that the
combined effect is to reduce S adsorption on graphite
and promote white iron solidification.
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Table 2.9 Factors influencing the N content of cast irons

Typical nitrogen contents of cast irons

Malleable iron

Grey iron

Untreated spheroidal iron
Treated spheroidal iron

0.005-0.014% N
0.004-0.007% N
0.004-0.012% N
0.003-0.008% N

Nitrogen contents of malleable iron produced by different
primary melting methods

Arc melting 130-190 p.p.m.
Cupola 110-145 p.p.m.
Coreless induction 80-130 p.p.m.
Channel induction 75-110 p.p.m.

Influence of the quantity of steel scrap on the nitrogen
content of cupola melted iron

25% steel 0.011% N
80% steel 0.015% N
100% steel 0.017% N

Oxygen absorption in cast irons

The absorption of oxygen during the melting of
different types of iron under various conditions has
been measured and related to the equilibrium oxygen
concentrations predicted from C, Si and Al deoxida-
tion reactions® ** and to graphite nucleation®.
Neumann and Détsch suggest that oxygen solubility
is controlled by the Si-O equilibrium in the tem-
perature range 1400-1450 °C,but that the C-O equili-
brium is followed at higher temperatures. However,
oxygen probe measurements on grey, base-malleable
and base- and treated-spheroidal irons suggest that Si
controls the oxygen level in all melts at temperatures
up to 1600 °C. It appears that C content in the range
2.5-4.25% exerts little influence. This is illustrated in
Figure 2.18, which shows the calculated equilibrium
oxygen content (calculations are detailed in ref. 81) in
a Fe-4.28% C alloy due to Si and C deoxidation.
Figure 2.18 also illustrates a selection of experimental
measurements and the influence of Si content on the
equilibrium oxygen solubility.

Increasing Si content decreases oxygen solubility,
but changes due to temperature are greater. Both C
and Al are stronger deoxidizers than Si at high tem-
peratures but neither exerted a controlling influence
over oxygen solubility in the alloys studied. This is
attributed to slow kinetics which prevented
attainment of equilibrium. Difficulties in the
nucleation and growth of CO bubbles are responsible
in the C deoxidation reaction. The main source of Al
is in ferrosilicon additions. Figure 2.18b shows the
powerful deoxidation effect of Al if equilibrium is
attained. Both the gr-v and malleable iron melts
contained about 0.01% Al which showed little
influence on the oxygen solubility. The spheroidal
iron contained 0.02% and although the measured
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Figure 2.18 (a) the effect of Si content on the equilibrium
oxygen-temperature relationship in a Fe — 4.28% C iron;
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0.005% Al; b, 0.01% Al c, 0.02% Al; d, 0.03% Al (after
ref. 81)

oxygen levels fell slightly lower than the Si-O equili-
brium values, they were far above the Al-O values.
The later measurements by Katz et al** confirmed
that a critical level of Al must the exceeded before the
oxygen level is controlled by Al deoxidation. This
value increases with increasing Si content from
~0.015% for malleable irons (~1.4% Si) to
~0.025% for spheroidal irons (~ 2.5% Si).

Nitrogen absorption in cast iron

Control over nitrogen content is important to take
advantage of its beneficial effects and to avoid its
undesirable characteristics. Nitrogen in solution can
be determined by the Kjeldall method and insoluble
nitrogen by the Beeghly method®. Nitrogen solubility
in Fe can be calculated using Sievert’s Law. Nitrogen
gas dissolves in Fe by the reaction:

N, 2 2N

where N, is in g.
The equilibrium constant for this reaction is:
an

K=wor
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Figure 2.19 Effect of temperature on the solubility of
nitrogen at one atmosphere pressure in Fe

where ay is the activity of nitrogen and Py, the partial
pressure of nitrogen gas in equilibrium with the Fe
phase. The standard free energy of solution of
nitrogen in iron, AG° is given by

AG° = RTInK = AH® — TAS®

where AH ° is the standard enthalpy of solution and
AS°? is the standard entropy of solution.

For dilute solutions ay equals the percentage
nitrogen (%N) dissolved in Fe. Consequently,
assuming AH° and AS°® to be temperature indepen-
dent:

A
———8B 2.7

. @7)
where 4 and B are constants and T is the temperature
in K.

The solubility of nitrogen in pure Fe is shown in
Figure 2.19. Equilibrium solubility in the liquid phase
has been described by the equation®:

247
- T 1.22 (2.8)

10g (Wto/o N)l atms. N,

log(wt% N)p. =

This solubility is much reduced in commercial
irons*®. The influence of various solute elements is
shown in Figure 2.20.

The equilibrium solubility in a liquid iron of known
composition can be estimated using activity interac-
tion parameters and solute concentrations in the rela-
tionship:

log(Wt% N) = log(Wt% N)g, — 3, eh(Wt% i)

- % Y ek (Wt% i)’

i#)

- }: el (Wt% 1)(wt% j) 2.9)
ij
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Figure 2.20 Effect of alloying elements on the solubility of
nitrogen at one atmosphere pressure in Fe at 1600 °C

where €\, el and el are the first order, second order
and cross interaction parameters between nitrogen
and alloying elements i and j, respectively and where
log (wt% N) and log (wt% N);. are the equilibrium
nitrogen solubility in the cast iron and in liquid pure
Fe, respectively. The equilibrium solubility in an iron
under 1 atmosphere N, and containing 3.8% C and
2.5% Si (typical of a spheroidal iron) at 1600 °C is
reduced from ~0.04% to below 0.01%. Malleable
irons have a lower C content and a higher solubility
as shown in Table 2.9.

The solution of nitrogen in pure Fe-C-Si alloys is
diffusion-controlled, but in the presence of surface
active elements such as O and S, absorption is
controlled by a surface reaction and the rate of
solution is reduced although the solubility limit
remains the same®. Sources of nitrogen include the
melting atmosphere, charge, C additives and core and
sand binders.

Table 2.9 also shows that the melting process
influences the nitrogen level. The highest levels are
found with arc furnaces. This is associated with the
high percentage of steel scrap and the high ionizing
potential of the arc which exposes the iron to a high
nitrogen partial pressure. The partial pressure is high
in cupola melting, but is reduced by oxygen
enrichment and supplementary natural gas injection.
The nitrogen content increases as the percentage of
steel scrap increases. The nitrogen level in coreless
induction furnaces is usually low. This is attributed to
the vigorous stirring action in these furnaces which
flushes nitrogen from the melt. The nitrogen content
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Figure 2.21 (a) The effect of temperature on the solubility
of hydrogen at one atmosphere pressure in Fe. (b) The
effect of alloying elements on the solubility of hydrogen at
one atmosphere pressure in Fe at 1865K

of base irons is reduced in duplexing practices
involving cupolas or arc furnaces and channel
furnaces’. The vigorous stirring action during Mg
treatment reduces the nitrogen content of spheroidal
irons.

Hydrogen absorption in cast irons

Figure 2.21 shows the solubility of hydrogen in pure
Fe and the influence of solutes on the solubility”>*.
Hydrogen solubility at 1865K is decreased by Al, B,
C, Co, Cu, Ge, P, S and Sn and increased by Nb, Cr,
Mn and Ni.

Carbon control in cast irons

Control of C pick-up is a major factor influencing
both the quality and cost of cupola melted iron. The
conditions in the combustion zone are favourable for
C pick-up because as the charge descends to the well,
metal droplets are in intimate contact with incandes-
cent coke. Carburization of the solid material by hot
gases is not expected because of the short time that
any unit volume of gas spends in the zone and the
relatively low temperature of the metal. The solution
of C from coke by liquid iron depends on the com-
position and temperature of the iron, coke-iron
interface conditions and the coke quality. Although
all the factors controlling the rate of solution are not
fully understood, it is well established that the
maximum solubility obtained under equilibrium
conditions is not achieved in practice. Control over C

pick-up is important because it is necessary to avoid
excessive pick-up in malleable iron melting, whereas
maximum pick-up is desired in grey flake and
spheroidal iron melting in order to reduce melting
costs.

Equilibrium solubility data in pure Fe and in multi-
component systems has been reviewd by Neumann®*.
The solubility in pure liquid Fe at different tem-
peratures is given by:

_ 127276
» T T

log N, + 0.7266log T — 3.0486

(2.10)

where N, is the mole fraction of C and T is the
absolute temperature. Alternatively,

%Crax = 1.3 + 2.57 x 107°T(°C) @.11)

The influence of small concentrations of solute on this
solubility has been expressed in terms of a solubility
factor, m (the slope of the relationship in Figure 2.22)
such that:

AN} = mN,

where x is the added solute. Using this approach, the
C solubility in a multicomponent system was
expressed as:

%Chax = 1.3 + 2.57 x 10737 4+ 0.027% Mn
— 0.31%Si — 0.33%P — 04%S (2.12)
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Figure 2.22 The influence of elements on the solubility of
C in liquid Fe (after ref. 94)
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Figure 2.23 shows the solubility of C in irons of
various Si contents.

Many of the properties of cast iron are related to
the amount of eutectic present in the iron. This, in
turn, is related to a knowledge of C solubility in the
liquid at the graphite eutectic temperature (C’) and
the C solubility in austenite at the eutectic tem-
perature (E’). Several expressions are used by
foundrymen. The saturation ratio measures the
fraction of eutectic present and is given by:

C —FE

c-F

where C is the C content of the iron. This is often
simplified to the degree of saturation in the absence of
values for E”:

S, =

Se = C/C’

Using equation (2.12) gives:

S, - C

C T 426 —031%Si — 0.33%P — 04%S + 0.027% Mn
(2.13)

or considering the influence of Si and P only;

Sc ¢ (2.14)

T 426 — 031%Si — 0.33%P

An alternative expression is the carbon equivalent
value, C.E.V., which is equal to the C content of the
iron plus the amount of C equivalent to the added
elements and is given by:

CEV. = %C+ A% Si + B% P +
C'% Mn + D% S

Liquid metal preparation 67

where 4, B, C’ and D are constants. Slightly different
values for these constants have been suggested on the
basis of the analysis of experimental data®®". The
thermodynamic basis for the relationship is that the C
equivalent for the multicomponent solution has the
same C activity as the equivalent amount of C in the
binary solution. The C activity is given by:

ac = fo x %C (2.15)

where f¢ is the C activity coefficient which in a Fe-C-
Si-P alloy is given by:

fo =+ +1 (2.16)

where fZ represents the effect of 4 on the activity
coefficient of e. Each of these effects can be expressed
using:

log f& = et x % A (2.17)

where ¢ is the interaction coefficient of 4 on C.
Substituting Equation (2.17) into (2.16) into (2.15)
gives:

(logac = log%C + e x %C +
e x %Si+ ek x %P

In the equivalent binary solution:

ac = fe x CE

where CE is the C equivalent. The activity coefficient
is given by

logfe = e x CE

hence:

(2.18)

logac = €& x CE + logCE (2.19)

Equating equations (2.19) and (2.18) gives:
log(CE/% C) + eS(CE — % C) = ¢ x
% Si + e x % P.

Creese and Healy®® have derived and evaluated this
equation for a 3.5% C iron using available interaction
coefficients for a liquid iron temperature of 1500 °C to
give a carbon equivalent expression of

CEV. = %C + 0.32%Si + 0.33%P

These coefficients show excellent agreement with
those suggested previously on the basis of experiment-
al data and demonstrate that the expression can be
derived using basic thermodynamic data.

The principal factors controlling C pick-up during
cupola melting have been identified and discussed in
detail by Coon®. They fall into four main groups:

1. composition of the metallic charge;

2. metal tapping temperature;

3. cupola design and method of operation and
4. coke quality.

Several of these influences have been described earlier
in this chapter.
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Table 2.10 Variables influencing C pick up in a cold blast acid cupola furnace (after

ref. 99)

Change in operating practice C content Temperature °C
2% increase in coke charge +0.1% +20

33 cm increase in well depth +0.1% —10

140 cm decrease in slag depth +0.1% +10

Divided blast +0.2% +50

Use of 2% oxygen +0.1% +20

0.5% fluorspar added to limestone flux +0.1% -5

0.1% decrease in charged S +0.1% —10

1% tuyere injection of graphite +0.2% no change

C pick-up depends on the C content of the charge
and the charge content of other elements through
their influence on C solubility according to Equation
(2.12). There is evidence that S reduces the rate of C
solution. Equation (2.12) shows that increasing the
temperature increases the C pick-up. Various ways of
achieving this using different methods of operation
have been described. Design and operational methods
that influence C pick-up but not temperature, such as
well depth, slag composition and depth and variations
in the height of the coke bed have been described.

The two main factors in the coke bed are mean coke
size and ash content, which are quoted in coke specif-
ications (see Table 2.2). As the mean coke size
decreases, metal temperature and C pick-up decrease,
but the changes only become significant below a
critical value of ~90mm. Consequently, if large
amounts of small-sized coke are present, pieces
smaller than 50mm should be removed before
charging. Ash is the non-combustible portion of coke
resulting from mineral matter present in the base coals
used in its manufacture.

Although the influence of coke quality on C pick-
up is not fully understood, Leyshon and Selby'® have
shown that during combustion, C at the coke surface
burns away, leaving the surface coated with ash
particles. This layer inhibits C pick-up by forming a
barrier reducing the contact between molten metal
droplets and C within the coke. This barrier effect is
reduced with cokes containing ashes that soften at low
temperatures. Their softening point is reached higher
in the shaft and facilitates early removal of the ash by
fluxing.

Table 2.10 illustrates changes in C pick-up and
metal temperature with change in mode of operation
forironsin the C.E.V. range from 3.5 to 4.0%. It must
be stressed that these factors are not always indepen-
dent and changes in operation must be considered in
terms of their overall effect. Levi'™ compared
numerous charge and spout chemistries in acid
melting and suggested the following expression for the
C charge content:

TCoouw = K + 0.5TC e — 0.25 (Si + P)pour

with K = 2.4.
More recent BCIRA studies''®*  illustrated in

Figure 2.24, have taken into account the effect of
temperature and show that:

K = 0.00451T — 4.30,

over a wide range of conditions where T is in °C.
Hence

TCpouw = 0.00451T — 430 4+ 0.5TC 50

— 0.25(Si + P)ypou (2.20)

Figure 2.24 shows that a 2% oxygen enrichment, hot
blast and divided blast share the same K values.
Practices such as the use of CaC,, fluorspar and
tuyere injection of carburizers probably displaces the
relationship without affecting the slope.

3.0
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Figure 2.24 Relationship between Levi’s K factor and melt
temperature at the spout for different cupola operations a,
describes 520 °C hot blast, cold blast, cold blast + 2% O,
enrichment and divided blast; b, cold blast + 2% O,
injection (after ref. 103)



Silicon control in cast irons

Si control during cupola melting has not been
analysed as extensively as C control. Si changes may
occur as a result of Si oxidation and SiO, reduction in
the melt zone and the slag layer. Si loss in the melt
zone can occur by oxidation as a result of reaction
between liquid iron and gaseous oxidizing agents. On
the other hand, conditions in the coke lumps are
reducing, although the atmosphere in the melt zone is
oxidizing. Under these conditions it is possible to
reduce the SiO, in the coke ash to produce gaseous
SiO and SiC which, if incorporated into the iron, will
result in a Si gain.

Si loss in the slag layer can occur by reaction with
FeO and MnO dissolved in the slag:

Si + 2FeQ — SiO, + 2Fe
Si + 2MnO - SiO, + 2Mn

Oxides can be reduced by coke or C dissolved in the
iron.

The reduction of SiO, has been referred to in
Equation (2.6):

Si0, = 2C = Si + 2CO

The enthalpy and entropy terms in this reaction are
both positive. Hence, a reversal of reaction direction
occurs at a critical temperature in the range 1400-
1500°C which depends on iron composition and
melting conditions. Above this temperature, Si can be
picked up by SiO, reduction. Below it, which is the
usual mode of operation, Si is lost by oxidation. The
results in Figure 2.25 show behaviour that fits this
pattern. Si pick-up occurred above a coke ratio of 7:1
with a blast preheat of 520 °C, but Si loss occurred
with all cold blast melting even when supplementary
oxygen was used. These measurements have been
presented by:

— 277.3 + 0.239T (hot blast)
(2.21)

% Si recovery = — 104.9 + 0.1257 (cold blast)

(2.22)

% Si recovery

where T is in °C.

Figure 2.25 shows a reported'™ linear relationship
between Si content and blast temperature for a range
of coke charging rates at a Ca0,:Si0, ratio of 0.7. As
this ratio increases, that is, as slag basicity increases,
Si oxidation increases. The height of the slag above
the metal in the well has a pronounced effect on Si loss
in acid-lined hot blast cupolas under intermittent
operation. The Si loss decreases as the depth of the
slag layer increases. Recently, Katz and Spironello'®
have shown that small amounts of Al (<2%) in the
cupola charge can increase the Si recovery and iron
temperature. A 1.7% Al addition was found to
change a 30% Si loss into a 5% gain with an increase
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Figure 2.25 (a) The variation of Si recovery with metal
spout temperature for various cupola operating practices
a, 520°C hot blast b, cold blast + 2% O, enrichment c,
cold blast d, cold blast + 2% O, injection. (b) The
influence of blast temperature on Si gain or loss in
relation to the coke rate a, coke rate 7.7:1 b, coke rate
9.1:1 ¢, coke rate 11.1:1 (after ref. 104)

of 90°C in the metal temperature. Analysis of ther-
mochemical correlations suggests that the Al escapes
oxidation in the melt zone to react exothermically
with FeO and secondarily with SiO, in the slag layer.
These reactions reduce the FeO available for Si
oxidation and increase the Si yield by reducing SiO, to
metal.

This study highlights the important role that Al can
play in Si recovery in cupola melting. However,
careful casting practice is required for Al-containing
irons in order to avoid casting defects. Conditions
favouring minimum Si loss are:

1. high blast temperature;
2. high Mn melt content;
3. slag with a low basicity;
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4. large slag depth and
5. Al present in the charge.

Manganese control in cast irons

Mn can be either oxidized or reduced during melting,
depending on the nature of the slag, blast rate and
blast temperature. The type of reaction depends on
whether there is a source of O, or CO, or reducing
element such as C and Si. Appreciable oxidation
occurs when a cupola is overblown at low coke rates.
A highly basic slag is inherently reducing for all metal
oxides'%1%7,

Sulphur control in cast irons

Cupola desulphurization has been analysed by Katz
and Rezeau'® to ascertain whether equilibrium is
established and to identify the reactions which equili-
brate. Desulphurization can be considered to occur by
two consecutive reactions:

1. a S exchange between iron and slag:

(S) + [CaO] = [CaS] + %0,

2
Acao s
(@0)n = Ky (—CO—) (2.23)

Acas

where () denotes metal and [] slag and
2. a deoxidation reaction which may be one of the

following:
2
a
©) + %0, = CO;  (a)y = ( K:f’a)

(2.24)
Si) + 0, = S0y ( .
(1) 2 = Oy do,)rs = K- ag,
(2.25)
2
%0, = : B T
(Mn) + %0, = MnO; (ag, ) = (KZ()'aMn)
(2.26)
2
1 — . _ Aare0
(Fe) + 20, = FeO; (ag,)y = <—Kz7'ape)
(2.27)

These reactions are in decreasing order of ability to
deoxidize and hence, when combined with Equation
(2.23) tend to desulphurize. Katz and Rezeau proceed
to compare the activity of oxygen from the S transfer
data with the respective oxygen activities estimated
for C, Si and Mn deoxidation. These comparisons are
shown in Figure 2.26. They show that a general state
of equilibrium exists between iron and slag at the
spout except for the C-O equilibrium.

The desulphurization ratio is given by:
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Figure 2.26 The activity of O from S transfer data
compared with the O activity estimated from C, Si and
Mn deoxidation reactions (after ref. 108)

Acas Acao

as 28 (aoz)% (2.28)
Parameters influencing desulphurization are do,» dcso
and Ky.

Figure 2.26 shows that do, is 3-4 times higher than
it would be if C-O equilibrium had been established.
Consequently, the S content of the iron is approxim-
ately twice that of a totally equilibrated system. Large
fluctuations in a,,, and hence in S content, occur in
production cupolas because the values of aq, for Si
and Mn deoxidation vary by a factor of ~100. In
contrast the variation is only by a factor of ~2 with
equilibrium in the C-O system.

The reason for the large variation in ao, in
Equations (2.25), (2.26) and (2.27) is its dependence
on oxide:metal ratios. Thus, desulphurization is
sensitive to additions of Si0,, oxidized scrap (FeO)
and oxidation losses of Si, Mn and Fe. The conse-
quence of not attaining C—O equilibrium in the cupola
is high S levels and a sensitivity to oxidizing
conditions. The CaO activity is related to the basicity
of the slag. However, correlation with Equation (2.28)
was established only when basic slags were considered
to be heterogeneous.

Precipitation diminishes the desulphurization
power of a heterogeneous slag compared with a hom-
ogeneous slag of the same composition. Slags with
basicities up to 2.0 (ac,o = 0.25), if considered hom-



ogeneous, were examined over the normal cupola
operating range of 1450 to 1550 °C. In fact, the slags
were heterogeneous, reducing the effective basicities
to 1.3-1.6 with ac,o values between 0.03 and 0.06. The
equilibrium constant K, less than doubles over the
temperature range 1450 to 1550°C. The studies
suggest that desulphurization in the cupola is limited
by the absence of C—O equilibrium and heterogeneous
slags.

Figure 2.27 shows the desulphurization possible for
iron compositions and temperatures typical of basic
practice if C-O equilibrium is achieved and if Si-O
equilibrium occurs. The calculations assume a
heterogeneous 5% Al O; slag, a 0.75wt% S level in
the coke and weight ratios of iron, coke and slag of
10:1.8:1 respectively. Effective desulphurization is
achieved only by melting high S irons at high tem-
peratures or, alternatively, by using more powerful
deoxidizers or desulphurizers or agents that suppress
the formation of heterogeneous slags.

Al is a powerful deoxidizer and its role in cupola
desulphurization has been described by Katz and
Spironella'”. Results are presented which show that S
levels as low as those achieved in basic practice can be
realized with acid practice using charges containing
Al. The analysis suggests that Equation (2.26)
controls the rate of desulphurization in the presence
of Al. After reducing the FeO in the slag and affecting
Si recovery, any remaining Al reduces the MnO level
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Figure 2.27 Comparison of optimum cupola desulphuriza-

tion performance based on C-O equilibrium and Si-O
equilibrium (after ref. 108)
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in the slag resulting in improved desulphurization by
the reaction:

CaO + S + Mn — CaS + MnO.

As the Al charge content increases, the MnO level
decreases more rapidly in acid slags. This affects a
better desulphurization. Consequently, higher Al
levels are required to achieve the same improvement
in desulphurization in basic practice. It is suggested
that Al additions might make it possible to produce
irons using <0.01% S without incurring Si loss.

The attractiveness of the cupola as a melting unit is
tempered by the complexity of its operation. This has
led to the development of processes in which cupola
melting is performed under oxidizing conditions for
cost effectiveness. Compositional control is then
achieved in an external reaction vessel'”. The mode of
operation can be cold blast, hot blast or oxygen-
enriched. The charge consists of steel and cast iron
returns only. Melting under oxidizing conditions
saves coke, increases combustion efficiency by
lowering the CO:CO, ratio in the stack effluent,
increases the melt rate and increases the metal loss by
oxidation. This can be of benefit to ferritic spheroidal
iron producers with elements Al, Ti, Cr etc.

Recently the concept of a basicity-dependent zero
loss level for Si and Mn under oxidizing conditions
has been suggested''’. The Si content of cupola iron
tends to an equilibrium value determined mainly by
slag composition a characteristic oxygen activity and
attempts to add Si to the charge in excess of the zero
loss level result in most of the addition being oxidized.
Consequently, little or no additions of ferrosilicon are
made to the charge. A melt with a low Si level is very
C hungry and 3.0% C is readily achieved during
melting. Basic composition is achieved with
controlled additions of SiC, ferroalloys or C additions
in the external reaction vessel. In the studies
described'®” this was a multi-porous plug type. De-
sulphurization falls into this category. S can be
controlled at or below 0.015% using a basic slag as
described above.

However, this mode of cupola operation presents
operational difficulties and, as Figure 2.2 shows,
produces irons of high C content. Spheroidal iron
pipe manufacturers find such irons difficult to centri-
fugally cast. This has led to a movement away from
basic cupola melting to the more controllable acid
melting with external desulphurization.

The standard free energy of formation of metal
sulphides at 1500°C, the sulphide melting tem-
perature and specific gravity are shown in Table 2.11.
Clow'"! has used this data to discuss possible desulp-
hurizing methods. The S content of flake irons is
usually limited to 0.15%. Mn added as ferroman-
ganese, silicomanganese, spiegeleison or silvery iron
can be used to control the effect of S with the aid of
late inoculation in low S irons. Without Mn, S forms
FeS late in the solidification sequence and this can
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Table 2.11 Free energy of formation of metal sulphides at
1482 °C with melting point and specific gravity of the
sulphides (after ref. 111)

Sulphide Free energy Melting point  Specific gravity
kcal/gm mole °C

FeS —25 1190 4.74
MnS -7 1620 3.99
Na,S — 80 (estimated) 1175 1.85
MgS —-95 2000 2.84
CaS —172 2450 2.50
CeS —195 2100 5.00

restrict eutectic graphite cell growth which leads to
increased undercooling and even white iron
formation.

Deliberate use is made of this effect in heavy section
malleable iron castings to encourage white iron
formation. Mn, added to balance S, according to the
relationship:

Mn% = S% x 1.7 + 0.3%

causes the S to partition between Fe and Mn. This
forms inclusions predominantly of MnS early in the
solidification sequence. This means they are distri-
buted uniformly through the structure and can act as
nuclei for eutectic graphite. If the S < 0.03%,
although balanced with Mn, the number of MnS
inclusions is too small to produce effective nucleation.
Unless late inoculation is used, type D graphite may
form. There is an upper limit to which Mn may be
used to control S because at high S levels it is not
combined completely with Mn''? which leads to Type
D graphite formation and, with low pouring tem-
peratures, sub surface blowhole defects associated

with manganese iron silicate slags may occur'®,

The active agent in Na desulphurization, Na,O, is
provided by soda ash or caustic soda. A high degree
of desulphurization is achieved even at low tem-
peratures. This was the standard method for treating
grey flake irons for many years. However, the need to
attain lower S levels for spheroidal and compacted
irons, environmental problems associated with the
production and use of Na compounds and difficulties
with a corrosive, fluid slag product have led to its
almost total abandonment.

The Ca compounds used for desulphurization are
CaC, and Ca0. CaC, is the more common agent. The
desulphurization reaction occurs between solid CaC,
and liquid Fe at the surface of the CaC, releasing C
and producing solid CaS. The slag is granular, easily
removed from the metal surface and does not attack
ladle refractories extensively. The reaction is
exothermic and results in smaller temperature losses
than with other desulphurizers. Only small changes in
C, Si and Mn accompany desulphurization. The
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Figure 2.28 Desulphurization methods and typical
operation (a) shaking ladle; 0.5% CaC,; 10 minutes; S
level 0.075 to 0.017 (b) Rheinstahl stirrer; 0.65% CaC,; 3
minutes; S level 0.08 to 0.009 (c) Volianik process; 1%
CaC,; 34 minutes; S level 0.1 to 0.01 (d) Porous plug or
Gazal process; 0.75% CaC,; 34 minutes; S level 0.10 to
0.01 (e) arrangement of treatment vessel for continuous
desulphurization of cupola iron

efficiency of S removal depends on the total CaC,
surface area presented to the liquid Fe and the rate of
S transport to the surface. The latter depends on the
S content of the iron. Practical parameters influencing
efficiency are degree of stirring, dwell time, injection
rate (when applicable) and CaC, particle size.
Several methods are available for stirring. The
shaking ladle provides stirring by vessel movement
(see Figure 2.28). The eccentric motion to the vertical
axis produces a wave on the bath surface, the crest of
which breaks continuously. This folds CaC, under the
metal surface and brings fresh metal to the surface



which folds over and covers the carbide'"*. Experience
with the shaking ladle'® has shown it to be a relatively
slow process which incurs temperature loss. This
makes it unsuitable for the treatment of small
quantities of iron that have to be poured from a high
temperature. More efficient stirring is achieved in the
duortical converter''®, which uses a similar action but
reverses its direction every 15 seconds.

Other methods achieve metal slag contact without
ladle movement. In the Rheinstahl stirrer a refractory
quirl or arm rotates at about 100 r.p.m. at the iron-
carbide interface producing a predominantly circular
motion with a radial component'”’. The radially
flowing stream of Fe carries CaC, particles on its
surface. These move more slowly than the iron and do
not circulate back to the ladle bottom as does the
desulphurized iron. Temperature losses are small and
little metal splashing occurs. This method is popular
in the USA.

Other methods use gas (compressed air, N, or
natural gas) to stir the liquid iron. Bubbles are forced
to rise from the bottom of the ladle. This creates a
metal circulation in the ladle that carries unreacted
metal upwards with sufficient force to cause it to
splash over the top floating CaC,. Injection is
through a graphite lance or tube in the Volianik
process''®.

The porous plug process uses a porous
corundum refractory plug in the bottom of the ladle.
The texture of the refractory is such that it produces
very fine bubbles which result in a pronounced
meniscus at the top of the ladle without serious
splashing. The folding and washing action of the
rising iron column is very effective and produces good
desulphurization. The porous plug was developed for
batch processing but has been used extensively for
continuous desulphurizing?''* as illustrated in
Figure 2.28. The teapot ladle configuration retains
unspent slag and the wide and carefully positioned
slag notch allows the spent slag to be pushed out by
the action of the gas.

Continuous desulphurization is now used exten-
sively with large tonnage continuously tapped
cupolas. The major disadvantage of using CaC, is slag
disposal. It has an obnoxious smell and can contain
up to 3% unreacted carbide. If this becomes damp
during storage or makes contact with water after
disposal, impure acetylene, which is inflammable and
explosive in certain mixtures with air, is liberated.
Burnt lime (CaQ) is readily available, cheap and has
a theoretical capacity for desulphurization. The slag is
granular and easily removed from the metal and easily
disposed. However, Figure 2.29 shows that desul-
phurization occurs at a much slower rate. Coon'?* has
shown that additions of fluorspar of up to 10%
greatly increase the reaction rate. Although twice as
much CaO is required and C and Si losses are greater,

119,120
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Figure 2.29 Effect of type of desulphurizing agent on the
rate of desulphurization in a porous plug. Temperature at
start of treatment 1520 °C; air supply 0.23m*min~'; 2%
addition of desulphurizer a, lime b, lime + 10% fluorspar
¢, calcium carbide (after ref. 124)

CaO is much cheaper. When used with fluorspar it is
a viable alternative to CaC,.

Mg and Ce are good desulphurizers but are rarely
used for this purpose. When used as spheroidizers
they will reduce the S content of the iron. For reasons
of economy and to avoid incidence of dross defects
the S content should be at a low level before spheroid-
ization. However, it has been claimed'*'* that with
processes such as the magnesium converter, the Mg
recovery is so high that it is economical to use high S
irons so that the Mg first desulphurizes and then
spheroidizes. However, there will always be a possibil-

ity of dross defects'?’.

Recarburization practice

Recarburizers are used primarily for economic
reasons to allow various grades of iron to be produced
from lower priced or more readily available raw
materials, often to the exclusion of pig iron. The main
areas of use include:

1. C raising in electric furnaces;
2. external carburization of cupola melted iron;
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Table 2.12 Typical analyses of recarburizing materials (after ref. 128)

Type of Fixed Ash Moisture  Volatile  Sulphur  Nitrogen  Hydrogen  Approximate

recarburizer carbon % % matter % % % density
% kg/m?

Synthetic graphite 99.30 040 0.20 0.10 0.05 0.005 - 840

Crystalline natural graphite  86.30 1320 0.06 0.44 0.35 0.06 - -

Medium S calcined 98.90 040 040 0.30 1.50 0.60 0.15 770

petroleum coke

Regular Al grade low S 99.30 0.40 0.10 0.20 0.30 0.08 0.04 800

calcined petroleum coke

Needle grade dried 89.70 9.00 0.30 1.00 1.00 1.00 - 640

metallurgical coke

Brown coal char ex 92.00 250 2.00 3.50 0.25 0.60 1.10 640

Australia

Pitch coke 98.00 0.50 0.50 0.50 0.40 0.70 0.20 550

3. injection into cokeless and conventional cupolas
and
4. injection into arc furnaces.

Properties of carburizing materials are given in
Table 2.12. Synthetic graphite is the most versatile
because of high purity and a rapid solution rate. Its
main source is from machinings and scrap from
primary graphite products and from desulphurizing
petroleum coke. Natural graphite is used extensively
in the USA because it is plentiful, but disadvantages
include a high ash content and low C content.

A popular carburizer is calcined petroleum coke,
manufactured by calcining green petroleum coke.
Metallurgical coke and brown coal char are derived
from coal. Foundry or blast furnace coke is produced
by carbonizing coking coals with blended additions of
green petroleum coke or breeze at temperatures in the
range 1000-1300°C for up to 36h followed by
quenching into water, drying and crushing. Brown
coal char is produced by carbonizing brown coal at
about 800 °C. It has the advantage of being a primary
product, which is relatively cheap and has a low S
content.

SiC is an effective carbonizer although used
primarily as an alternative to ferrosilicon for in-
troducing Si. A typical composition for metallurgical
grade SiC is: Si — 64%; C — 30%; Al — 0.35%; S —
0.02-0.04% and N — 0.025-0.04%. The addition of
SiC provides Silowin Aland Clowin Sand N. A 1%
SiC addition to an induction furnace produces a
0.56% Si and a 0.27% C increment. In a cupola, C is
raised by 0.1-0.15% with a 1% addition.

Several factors influence the selection of a recar-
burizer. The maximum amount of C that can be
introduced into liquid iron has been defined in
Equations (2.10)—(2.19) and Figure 2.23. The rate of
solution in practices external to the cupola increases:

1. as the difference between the saturation level and
the C content of the iron being treated increases.

Thus, a malleable iron is easier to carburize than a
spheroidal iron;

2. as the degree of turbulence in the liquid increases;

3. as the particle size decreases subject to limitations
of the particles not becoming airborne. This would
produce a deterioration in the environment, a
reduced C recovery and electrical shorting. Fine
materials (0-~3 mm) are used:
a. with irons of C.E.V. > 4.3%;
b. for recarburization of cupola melted iron in a
porous plug;
c. for injection into convential and cokeless
cupolas and arc furnaces;
d. for carburization in medium frequency, channel
and low-power-to-weight ratio mains frequency
furnaces;
e. as C corrective additions immediately prior to
tapping.

4. if a synthetic graphite carburizer is used, this can
be of significance in making final C adjustments in
high C.E.V. iron at relatively low temperatures.

Economies play an important role in recarburizer
selection. It is important to consider the effective cost
and not only the cost per tonne of carburizer. This
includes additional cost of any alloy required to
neutralize S that may be introduced, as well as
problems associated with higher ash contents which
cause increased slag and dross formation. This
increases the tap to tap time and increases refractory
wear. Power consumption is a consideration.
Complete solution of graphite (90% recovery) can be
achieved in electric melting below 1420°C in a 3.8%
C iron. With petroleum coke, an 85% recovery
requires a temperature of 1475-1500°C and a 75%
recovery with metallurgical coke requires a tem-
perature in excess of 1500 °C.

Metallurgical considerations include effects due to
moisture and H pick up, S and N pick up (see Figure
2.30), volatile impurities and the inoculating effect of
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Figure 2.30 Effect of type of carburizer on the nitrogen
content of iron at 1500 °C at different levels of carburiza-
tion a, petroleum coke (N recovery 30-50%) b, metallur-
gical coke (N recovery 15-25%) ¢, equilibrium curve d,
high purity graphite (after ref. 128)

graphite recarburizers. The latter effect is one of the
reasons why many grey and malleable iron producers
recarburize with C recarburizers. In addition to being
cheaper, an iron of low but consistent nucleation is
produced.

A detailed account of recarburizing practice
covering method of addition, melting procedure and
recoveries achieved for direct addition or injection to
cupola, induction and arc furnaces and for external
treatments including ladle additions, porous plug and
shaking ladle treatments has been presented by
Coates'®. One of the practices described is mains
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frequency melting using petroleum coke as a recar-
burizer to produce two grades of iron suitable for
automobile components (3.55-3.60% C, 2.55-2.65%
Si and 3.45-3.50% C, 2.4-2.5% Si, 0.20-0.25% Cr).
The furnace is of 31 tonnes capacity and is operated
on a 4 tonne transfer tapping and charge cycle in
conjunction with a 20 tonne capacity channel holding
furnace. Once a liquid heel has been established, 4
tonnes of molten iron at 1480-1500°C are tapped
after deslagging and transferred to the holding
furnace at 1380 to 1415°C. The petroleum coke and
SiC additions are made to the remaining heel and
incorporated by the stirring action. The charge make-
up is given in Table 2.13. The preheated (300 °C) 4
tonne charge is then added. Ladles holding 150 kg are
filled from the holding furnace and inoculated with
0.1-0.3% ferrosilicon prior to casting. Constant
analysis monitors the C and Si contents and corrective
additions of SiC and coke are made to subsequent
charges. Ferrochrome and ferromanganese are used
to achieve the Cr and 0.6% Mn level.

This practice has replaced a cupola operation. The
S and N levels have been reduced but compared to
cupola melted iron when 40% pig iron was used, it is
necessary to produce an iron with a 0.2% higher
C.E.V. to give the same machinability. This is due to
the increased tramp element introduced by using
more steel scrap in the charge.

Spheroidization

The practical execution of spheroidization is
considered in this section. The ladle transfer method
is simple and popular. Mg master alloy is placed in a
pocket in the bottom of the ladle (Figure 2.31) and
liquid iron is poured quickly in a direction away from
the alloy in order to reduce the tendency for flotation
and burning. Several variations of this method are
practised. In the sandwich technique, the spheroidizer
is covered with small pieces of steel to delay the onset
of the reaction and to lower the temperature of the

Table 2.13 Typical furnace charge and C, Si, N and S balance for 3.55-3.60% C and 2.55-2.65% Si iron. Calculations based on 85% C
recovery from petroleum coke, 26% C recovery from SiC and 56% Si recovery from SiC (after ref. 128)

Ttem Furnace charge Carbon Silicon Sulphur Nitrogen

Weight (kg) % % in Contribution % in Contribution % in Contribution % in Contribution

material charge % material charge % material charge % material charge %

Foundry 1150 27.77  3.58 0.9942 2.6 0.722 0.055 0.015 0.0055  0.0015
returns
Pig iron 600 1449 380 0.5506 24 0.347 0.050 0.007 0.0050  0.0008
Steel scrap 2250 5433 0.20 0.1087 0.1 0.054 0.030 0.016 0.0040  0.0020
Silicon carbide 91 220 30.00 0.5720 63.00 1.232 0.025 0.001 0.0300  0.0006
sized 0-9 mm
Petroleum 50 1.21 98.00 1.0285 - - 1.500 0.005 0.6000  0.0036
coke
sized 3-9 mm
Total 4141 100.00 3.2540 2.355 0.054 0.0085
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Figure 2.31 Schematic diagram of the open ladle transfer
method of treating spheroidal iron

liquid surrounding the master alloy. An alternative
procedure uses shell sand to protect the master alloy
from reaction until it is ‘triggered’ by breaking the
shell with a plunger. Open ladle treatment is a violent
process accompanied by considerable smoke fume
emission. Although a large height/diameter ladle ratio
and use of only two thirds of the holding capacity
improves the Mg recovery and reduces spillage,

Figure 2.32 Schematic diagram of the covered ladle
method for the treatment of spheroidal iron. P is present
but not specified (after ref. 129)

greater improvements have been achieved using
tundish covers'™"*( Figure 2.32).

The use of tundish covers offers the flexibility of a
ladle treatment coupled with increased Mg recovery
and freedom from smoke emission. A fixed or
moveable top cover provides a low pressurized system
which prevents entry of outside air without
developing substantial in-ladle pressure. Alternative-
ly, the ladle can be placed in a pressurized chamber to
prevent Mg from boiling.

Table 2.14 Chemical composition of commonly used Mg-ferrosilicon alloys (after ref. 96, p. 106)

Alloy Mg Ce R.E. Ba Ca Li B N Si Cu Al Fe La Comment
1 2.8 3.0 3.1 3.1 48 1.0 Bal
2 3.0 1.0 46 1.0 Bal
3 3.0 0.4 1.0 1.0 46 1.0 Bal 0.27
4 3.0 1.75 2.2 04 46 1.0 Bal Ladle treatment
5 4.5 4.5 42 1.0 Bal
6 5.5 1.0 46 1.0 Bal In-mould
7 5.5 0.3 0.75 1.0 46 1.0 Bal 020
8 5.5 0.65 1.25 1.0 46 1.0 Bal 045
9 5.5 1.10 2.0 1.0 46 1.0 Bal 0.75
10 5.5 0.9 1.8 1.0 46 1.0 Bal
1 5.5 0.4 0.75 1.0 46 1.0 Bal
12 5.5 0.5 1.0 1.0 46 1.0 Bal
13 6.0 11.0 22.0 45 1.0 Bal High Ca
14 8.0 2.0 10.0 50 1.0 Bal High Ca
15 9.0 1.25 46 1.0 Bal
16 9.0 0.35 1.0 1.25 46 1.0 Bal
17 9.0 0.60 1.0 1.25 46 1.0 Bal
18 925 04 0.7 1.0 46 1.0 Bal 0.26
19 8.0 1.25 8.0 38 1.0 Bal High Ca
20 9.0 5.0 0.5 04 48 1.0 Bal Self inoculating
21 12.0 40 18 Bal pearlitic grades
22 30.0 2.0 4.5 50 1.0 Bal plunging
23 5-10 2.0 1.3 1.0 48 1.0 Bal




Table 2.15 Chemical composition of some rare earth
silicides and other Mg-free treatment additives (after ref.
96, p. 107). P is present but the concentration is not
specified

Type Ce R.E. Y Ca Al Si Fe

S1 P 30.0 P P P P P

S2 6.15 10.3 75 Bal
S3 16 33 1 [ 33 Bal
S4 10 13 1 1 38 Bal
S5 16 23 [ 1 30 Bal
S6 23 50 S 1 38 Bal

The stirring methods used for desulphurization can
be used for spheroidization. The porous plug is the
most popular method. Plunging using a refractory
bell to lower the spheroidizer, which is contained in a
can, to the bottom of the ladle quickly is a well
established technique. Mg recoveries are good but
temperature losses are greater than with ladle
treatments. In-mould treatments are performed in a
specially designed chamber which forms part of the
gating system. This method offers high Mg recovery,
minimal fading of Mg and no inoculation require-
ment other than from the ingredients of the ferroalloy
spheroidizer.

Mg is the most popular spheroidizing agent. The
metal has been used'?>'* but is usually added in alloy
form. The alloys are multicomponent. They contain
additions to reduce reaction violence, control sphe-
roidization for compacted iron formation, neutralize
the effect of impurities on graphite morphology and
to control matrix structure. Spheroidizing alloys have
been divided into three groups™':

1. Ni-Mg, Ni-Si-Mg, Ni-Cu-Si-Mg, Cu-Mg etc.,

2. ferrosilicon containing between 3 and 30% Mg
with other minor additions (FSM alloys) as illu-
strated in Table 2.14 and

3. other alloys — high Ce, CaSi, Ca etc. as indicated in
Table 2.15.

Alloys in the first group were amongst the first to be
used. They have relative high densities resulting in
efficient and quiet treatment. They are expensive and
present day usage is restricted to irons requiring Ni
and/or Cu to achieve matrix structures.

The second group, FSM alloys, are the most used.
Factors influencing Mg recovery are the treatment
process, temperature, base iron composition and the
spheroidizing alloy composition. Higher recoveries
occur with FSM alloys low in Mg and high in Si. The
reactivity of these alloys depends on the Mg/Ca ratio
for a constant Si content, spheroidizing alloy size and
temperature. Higher Mg FSM alloys are favoured for
plunging. Alloys containing 5-12% Mg are used in
tundish ladle treatments and 3-7% Mg alloys are used
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in in-mould treatment. The spheroidizing effect fades
with time. The effect is increased

in alloys with higher Mg contents;
at higher temperatures;

with increased deslagging time and
with silica furnace lining.

R —

The graphitization potential of liquid
iron

The importance of a reproducible level of base
nucleation or graphitization potential of liquid iron
prior to its inoculation and casting has been
emphasized in several previous sections. We have seen
how the primary melting method can influence the
potential. Another important factor is composition.
Si, P, Ni, Cu and Al increase the potential and Mn,
Mo, Cr and V decrease it. These influences have been
discussed in terms of electronic, thermodynamic and
kinetic factors by Zhukov and co-workers'? .

Fe, as a transitional metal, has an electron con-
figuration of incomplete d-orbitals with uncompen-
sated spins. This leads to an exchange equilibrium
between s- and d-valency electrons. The C atoms in
graphite are bonded by covalent bonds formed by an
sp’ hybrid. However, in the fourth electron, the z-
electron, the bond is weaker and joins the c-plane of
the hexagonal structure. These electrons are labile
and can pass to the s-orbitals of Fe. This moves the
s = d equilibrium to the right with the result that
Fe-C bonding is reinforced and the reaction of
mC + Fe = C,Fe tends to the right. Zhukov has
suggested that the stability of C—Fe complexes is con-
ditioned by the grouping of six valency electrons of Fe
with twelve n-electrons of two benzene rings, forming
an eighteen-electron configuration of an arenic
complex.

The graphitizing ability of an element in liquid iron
is related to the formation of r-electrons and is
measured in thermodynamic terms by the C potential
7c(nc = RT In ac where ac is the C activity) in the
corresponding ungraphitized alloy at the eutectic tem-
perature. When n > 0, the alloy has the potential to
graphitize, although it may solidify white at small
potentials for kinetic reasons i.e. at fast cooling rates.
When ne < 0, the alloy is stable white and will not
solidify grey. Si and Al are competitors to C as
valency electron donors. They inject valency electrons
into the s- and d-bands of Fe and increase the con-
centration of 7-electrons in the liquid, as indicated by
the broken lines in Figure 2.33.

The n-electrons are responsible for the bonding in
the graphitoid arenic clusters and, consequently, their
number and size increase, enhancing the sub-
microheterogeneity of the liquid. Si does not behave
in this manner at all concentrations. As its concentra-
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C, Fe

Figure 2.33 The electron interchange between Fe, alloying
element X and graphitoid C, Fe clusters in liquid cast iron
(after ref. 135)

tion increases Si transforms from a donor to actively
interacting with C to become a carbide stabilizer,
forming a silicocarbide and then, SiC. This behaviour
is reflected in the variation of me with composition
shown in Figure 2.34.

Al enhances graphitization, inhibits it, promotes it
and finally suppresses it as its concentration increases.
Cr and Mn are electron acceptors, strong carbide
stabilizers and dissolve in cementite substitutionally.
Electron transitions during alloying with these
elements are indicated by the full lines in Figure 2.33.
They remove electrons from the s- and d-bands of Fe,
increasing the density of d-electrons with unpaired
spins and also lower the number of n-electrons in the
system. Hence, the number and size of the graphitoid
arenic clusters in the liquid is reduced. Thus 7 is
reduced until it becomes negative, as shown in Figure
2.34.

Zhukov has extended the analysis to the calculation
of the temperature of the eutectic gutters in the equili-
brium and metastable systems of several ternary
alloys as shown in Figure 2.34. During solidification
Cr segregates in the first areas of cementite to form,
whereas Mn segregates progressively. Hence, Cr
increases and Mn decreases the metastable eutectic
temperature. This explains why a greater addition of
Mn is necessary to induce chilling.

Electron transitions are not the only consideration,
otherwise the chilling effect would increase progress-
ively along the 3-d transition row — Mn, Cr, V, T, Sc
— whereas it decreases after Cr. This is due, in part, to
the decreasing solubility of the elements in cementite,
which prevents them from exercising their acceptor
properties. Sc is a very strong desulphurizer and
deoxidizer and increases the graphitizing potential by
removing O and S from solution. Ti removes N from
solution promoting a similar effect. V- and Ti-
containing irons precipitate their own carbides,
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Figure 2.34 The concentration dependence of carbon
potential 7, and the profile of eutectic gutters in stable (I)
and metastable (II) eutectic systems Fe-C-8i, Fe-C-Al, Fe-
C-Mn and Fe-C-Cr. n{ is the carbon potential in
unalloyed Fe-Fe,C (after ref. 135)
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Figure 2.35 Relative chilling action of elements of Va and
VIa subgroups in the periodic table. Crl,,, is the ratio of
weight % Cr/weight % i where weight % i is the weight
of element i required to produce the same chilling effect as
the Cr addition (after ref. 135)



Table 2.16 The graphitizing and carbide stabilizing effect of
elements relative to Si

Graphitizers Carbide stabiliziers

C+ 30 Mn — 0.25

Ni + 0.3 Mo — 0.35

P+ 1.0 Cr — 1.20
Cu + 03 V-10to3.0
Al + 05

initially decreasing the C activity in the liquid.
However, subsequent precipitation of excess austenite
can result in a net increase in the C activity in the
remaining liquid to the extent of promoting austenite-
graphite eutectic formation.

The interplay of these various factors has been used
to account for the chilling effect of Va and VIa
subgroup elements which is shown relative to that of
Cr in Figure 2.35. Based on this reasoning, Zhukov
has developed'* a high S iron (3.2-3.4% C; 1.9% Si;
up to 0.5% Mn; 0.3-0.5% S) which resembles
malleable iron, but differs from it in that solid state
graphitization results in a large number of compact
graphite clusters which confer high anti-friction and
good machinability.

It is common practice in iron production to adjust
the graphitization potential by controlling the Si
content. However, the effect of other elements must
by considered in alloy irons. The effect of various
common alloying elements relative to Si for con-
centrations normally found in cast irons is given in
Table 2.16. The effect of 1% Al is approximately
equivalent to the graphitizing power of 0.5% Si. One
per cent Cr will neutralize the effect of 1.2% Si.

Inoculation of liquid iron

Inoculation of liquid iron is the practice of adding
small quantities (~ 0.5% for flake irons and ~ 1.0%
for spheroidal irons) of alloys which induce eutectic
graphite nucleation and thereby realize the graph-
itization potential of the liquid. It is a routine step in
the production of all grey irons and is often combined
with a spheroidization treatment.

There are two main methods of inoculation, ladle
and late inoculation. The former describes methods in
which the inoculant is added either as the liquid iron
stream enters the ladle or just afterwards. Late ino-
culation refers to any method of treatment after the
metal has left the ladle, for example, as it enters the
mould (stream inoculation) or in the mould (in-mould
inoculation).

The effectiveness of an inoculant is measured by its
initial nucleation potency and its ability to maintain
its effectiveness during the time interval between
treatment and the completion of eutectic solidifica-
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tion. Inoculants are rarely effective for more than
twenty minutes and it is well established that
inoculant composition and melting conditions (i.e.
temperature) exert a considerable influence on initial
potency and fading behaviour. Inoculant perfor-
mance can be assessed by observing the amount of
chill on the fracture surface of a small wedge test
casting, by making eutectic cell counts on a standard
test casting microsection or by measuring the degree
of undercooling at various cooling rates.

It is important to remember that although a high
eutectic cell count usually indicates a low chilling
tendency, there is no standard relationship between
cell number and chilling tendency. For example,
calcium silicide produces a high cell count but does
not eliminate chill and Sr-ferrosilicon produces a low
chilling tendency without a substantial increase in the
cell count. These characteristics are particularly useful
in castings prone to porosity'*’. The small increase in
cell count restricts the increase in expansive forces
exerted on the mould during solidification thus
minimizing the risk of porosity.

The benefits of inoculation include a reduced
tendency for chill formation in thin sections and
greater uniformity of structure, avoidance of very fine
undercooled graphite with associated ferrite in thin
sections and coarse flakes in thick sections. High
strength, low C.E.V. flake irons can be cast without
risk of cementite formation. Spheroidal irons are less
prone to intercellular segregation and carbide
formation. This promotes ductility and reduces the
danger of cracking during knockout and fettling and
the need for heat treatment to remove carbides.

Traditionally inoculants have been based on
graphite, ferrosilicon or calcium silicide. Their de-
velopment has been traced by Patterson and Lalich'®
and present usage described by Hughes'®. Some
typical inoculating materials are listed in Table 2.17.
C is only effective in the graphitic form''. It is a very
effective ladle inoculant for normal flake irons. It is so
potent that it is usually used mixed with crushed
ferrosilicon-based inoculants to produce a range of
proprietary inoculants. It will only inoculate low S
flake irons if added late, for example, by stream ino-
culation. Graphite is not effective as a ladle inoculant
for spheroidal irons and its performance as a late
inoculant is erratic.

Table 2.18 illustrates the effect of Mn:S ratio on the
cell count and the chilling tendency in uninoculated
iron'*. These results show that the iron structure
changes progressively from high chilling propensity,
low cell count and Type D graphite at low S levels to
low chilling propensity, medium cell count and Type
A graphite at moderate S levels and high chilling
tendency, high cell count and Type D graphite at very
high S levels.

These structural features arise as a result of a dual
action of S. It provides nucleation sites and, when
present in excess, it restricts eutectic cell growth.
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Table 2.17 Typical composition of common inoculants

Inoculant Si% Al% Ca% Ba% Sr% Zr% Mn% Mg% Ti% RE% C%
Normal FeSi 75-80 1.2-2 0.3-1.2

FeSi-Mn-Zr (SMZ)  60-65 1.2 1-3 5.6 5.6

FeSi-Ba 60-65 1.0 0.8 0.8 6 6

FeSi-Ba 60-65 0.5-1.7 1.0 9-11

FeSi-Ba 60-65 1.5 2.0 5-6 9--10

FeSi-Zr 80 1.5-2.5 2.5 1.5

FeSi-Sr 75 <0.5 <0.1 0.8

FeSi-Sr 45-50 <0.5 <0.1 0.8

FeSi-Ti 45-50 1.5 6 10

FeSi—Ce 45 0.5 0.5 13

Ca-Si 60 1-2 30

Low cost 45% FeSi  45-50 0.8 0.8

45% FeSi-Mg 45-50 0.8 0.8 1.25

FeSi-La 75 1.5 2 La
Graphite 99
FeSi + graphite 40-50 1.0 1.5 45

Many foundries, melting electrically, find it necessary
to add FeS in order to increase the S level to 0.05%
to achieve effective inoculation. This influence of S
persists to a lesser extent in inoculated irons.

The most popular inoculant is ferrosilicon. Pure Si
and pure Fe-Si alloy are not effective. Effective ino-
culation depends on the presence of minor elements.
Specially formulated inoculants containing combina-
tions of minor elements are more effective than
normal ferrosilicon'® . The behaviour of
inoculants listed in Table 2.17 is illustrated in Figure
2.36'.

The inoculation effect is at a maximum immediately
after addition and then fades in flake and spheroidal
irons'*1*15! A general trend is for inoculants
producing a high initial cell count to fade rapidly in
the first few minutes and those giving a lower initial
count to fade less quickly. The Ba-containing
inoculants are used with flake and spheroidal irons.
Mn lowers the melting point, thus increasing their
solution rate. Ba and Ca reduce chill and Ba increases
the resistance to fade. Figure 2.36 shows how Sr fer-
rosilicon reduces chill with a smaller increase in cell
count than normal ferrosilicon. The Ti-bearing
inoculant is a very effective chill reducer in thin

Table 2.18 Effect of Mn:S ratio on cell count and chilling
tendency in an iron of composition 3.5% C, 1.9% Si,
0.07% P (after ref. 142)

Mn% S% Mn:S Cell count Clear chill
cells/inch (Y4, inch)

0.8 0.002 66.6 362 16

1.0 0.022 45.5 362 13

0.8 0.065 12.3 517 9

0.28 0.20 1.4 1723 29

sections and helps to prevent N pin-holing. Ce-
bearing ferrosilicon is a popular inoculant, particular-
ly for electrically melted flake irons'*2. It is effective in
combating the carbide forming tendencies of residual
elements such as Cr and its low Al content helps to
prevent pin-hole porosity in thin section, high C.E.V.
irons. The presence of up to 0.01% Ce in most
inoculants, except Sr ferrosilicon, increases spheroid
count, decreases chilling tendency and reduces fading
rate in spheroidal irons. However, excess additions
(> 0.01%) promote carbide formation. The presence
of 0.02% Bi in Ce-containing irons increases spheroid
count as shown in Figure 2.36.

The use of late inoculation techniques leads to the
virtual elimination of fading. This permits a reduction
in the amount of inoculant used with cost savings. It
also means that the inoculant produces a smaller
change in iron composition. This can lead to further
savings, for example, by enabling foundries
producing spheroidal irons by Mg ferrosilicon
treatment to use a greater proportion of returns in the
charge. Late inoculation is more effective than ladle
inoculation in preventing carbide formation in thin
sections and there is considerable reduction in smoke
and glare.

Mould inoculation is practised in several forms.
Powdered inoculant is placed in the pouring bush or
in the top of the sprue. Crushed and graded (30—
300 mesh) inoculant can be placed in the bottom of
the sprue. Alternatively, precast slugs can be used.
The in-mould process can be used for inoculating
flake irons, the simultaneous inoculation and modif-
ication of spheroidal irons and inoculation and
controlled modification to produce compacted irons.

The main feature of the process is the provision of
a reaction chamber in the flask as shown in Figure
2.37. The chamber holds the granulated inoculant and
allows a regulated flow of liquid iron over it to
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Figure 2.36 (a) and (b) Fading curves for various inoculants added to
flake iron (1) Fe-Si-Ba (2) normal Fe-Si (3) Fe-Si-Ce (4) Fe-Si-Sr (5)
graphite (6) Fe-Si-graphite (7) Fe-Si-Mn-Zr (8) Ca-Si (c) Influence of
various inoculants on spheroid count in spheroidal irons (1) Fe-Si-Sr (2)
Fe-Si-Ce (3) Fe-Si-Ba (4) normal Fe-Si (5) Fe-Si-Mn-Zr (6) Fe-Si-graph-
ite (7) CaSi (d) Influence of Bi on inoculation fade (1) Fe-Si (2) Fe-Si-

mischmetal (3) Fe-Si-mischmetal + Bi

promote immediate and uniform dissolution of the
inoculant from the beginning to end of pouring. A
parameter referred to as the alloy solution factor is
used to characterize the process requirements'* '*¢,
This factor is defined as the ratio of the pouring rate

Figure 2.37 An example of an in-mould spheroidizing,
gating arrangement for spheroidal irons

to the horizontal cross-sectional area of the reaction
chamber. It determines the velocity of the iron as it
passes over the inoculant in the reaction chamber.
The amount of inoculant alloy that enters into
solution in the iron depends on this velocity.

Numerous investigators have shown that there is a
linear relationship between alloy solution factor and
the residual Mg content in the iron as shown in Figure
2.38. With reference to this figure, if the casting
weighs 113 kg, is poured in 50 s and a 0.06% residual
Mg content is required, 1.5% or 1700 g of 5% Mg
ferrosilicon inoculant must be used in a chamber with
a cross-sectional area of 60.5 cm?. This linear relation-
ship allows compacted irons to be produced in a
controlled manner'>"!%¥,

The use of this technique is more difficult with
vertically parted moulds than with horizontally
parted moulds. Vertically parted moulds require more
ingeneous designs because the alloy chamber is on the
parting line. The inoculant may be added after the
mould is closed"**'* or a solid insert may be used'®'.
The chamber must have a larger surface area because
vertically parted moulds are usually poured faster.
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Figure 2.38 The relationship between solution factor,
residual Mg content and amount of 5 Mg-Fe-Si inoculant

Cluster castings, in which identical castings are
solidified sequentially from one melt, allows an exam-
ination of the benefits of the technique and also
detection of any variation in properties over the
treatment period. Results from this type of examina-
tion for a flake and a spheroidal iron using casting

procedures close to standard production methods for
cylinder blocks and crankshafts are shown in Figure
2.39 and 2.40'%.

Figure 2.39 shows how the chilling tendency varies
with casting sequence 1 to 5 for several inoculants in
flake iron. The chill depth without inoculation
exceeds 10mm and 3.7mm is acceptable for the
casting. Differences in inoculation behaviour are
evident and good ladle inoculants are not necessarily
the best mould inoculants. Inoculant 5 displays a
strong, well maintained action throughout the
treatment period, but normal 75% ferrosilicon was
only effective in the first half of the period.

Although inoculant composition influences perfor-
mances'® | it must be remembered that these results
relate to the casting conditions used and do not
establish unique relationships. For example, fer-
rosilicon would be satisfactory if the casting weight
was reduced by 50%, or if, for the present casting, the
inoculant dissolution rate is reduced by decreasing the
cross-sectional area of the reaction chamber.

Figure 2.39 shows that pouring temperature
influences inoculant performance and suggests that an
optimum inoculant size (1-4mm) exists. If the grain
size is too fine, the initial dissolution is too rapid. If it
is too coarse, an initial delay occurs. A potential

(a) {b) (c)

Chill mm

s 1 1 1 1 1

1 1 1 1
2 345 1 23 45 1
Sequential position

R W
2 3 45

Figure 2.39 Variation of the amount of chill in a mould-inoculated
iron with sequential position in a cluster casting (a) for different
inoculants (1) 70% Si, 2.2% Ca, 1.2% Al, 1.2% Mn, 1.3% Zr, 1%
Mg (2) 75% Si, 0.8% Ca, 1.1% Al (3) 55% Si, 20% Ca, 7% Al,
1% Mn, 4% C, 0.5% Ba (4) 50% Si, 2.5% Ca, 6% Ti, 4% Ce (5)
38% Si, 0.5% Ca, 0.5% Al, 15% Ce (b) for different pouring tem-
peratures (1) 1440°C (2) 1410°C (3) 1330°C; —— with inoculant;
——— without inoculant (c) for different inoculant sizes (1) <0.6 mm
(2) >2mm (3) 2-4mm (4) a single lump (after ref. 162)



400 |-

1,2,3,4,5

-——
-

-

300 |-

(a)

Spheroids mm~—2

200 -

Sequential position

500 |-

=

o

o
T

w

o

o
T

Brinell numbers

200 J ] 1 1 "l
1 2 3 4

Sequential position

Figure 2.40 (a) Variation of spheroid density in a
spheroidal iron cluster casting. (i} mould inoculated with
inoculants 1, 2, 3, 4 and 5 (ii) ladle inoculated with
inoculant 1; 3-mm; ——— 10-mm thick section (b)
Variation of Brinell hardness using inoculant 1 (1) ladle
addition, 3-mm thick (2) ladle addition, 10-mm thick (3)
mould addition, 3-mm thick (4) mould addition, 10-mm
thick. Inoculants (1) 47% Si, 6.0% Mg, 0.4% Ca, 0.9%
Al, 0.7% Ce (2) 44% Si, 5.0% Mg, 0.4% Ca, 0.8% Al,
0.6% Ce, 7.7% Sn (3) 46% Si, 5.0% Mg, 0.3% Ca, 0.7%
Al (4) 46% 8Si, 5.0% Mg, 0.3% Ca, 0.7% Al, 0.6% Ce (5)
47% Si, 6.0% Mg, 1.0% Ca, 0.5% Al, 0.5% Ce (after ref.
162)

problem can be carry over of inoculant and inclusions
into the casting. Chamber design features, such as
small difference in the level between an offset entrance
and exit with the latter higher, and a smaller area to
provide choking, help to minimize turbulence in the
iron flow and inoculant disturbance, and facilitate
dissolution. Undesirable inclusions which can be
formed during inoculant dissolution can be prevented
from entering the casting by using runners with
enlarged cross-sections (these slow the metal flow and
permit inclusion separation) centrifugal traps or risers
just before the entrance to the casting'®.
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Figure 2.40 shows the increased spheroid count and
reduced chill formation and dependence on casting
thickness achieved by in-mould inoculation.
However, this technique suffers from the disadvan-
tage of a processing weight restriction. This is not the
case with metal stream inoculation. In this technique
inoculant is added to the pouring stream just as it
enters the mould. Subsequent turbulence is sufficient
to ensure complete solution and uniform mixing of
the inoculant throughout the iron.

One of the earliest methods was developed simul-
taneously in Germany and the USA!%¢ Tt was
the wire feed method. A fine tube or wire containing
inoculant is fed into the metal stream at a controlled
rate. Considerable automatic control has been
perfected. The feed rate is varied to match the pour
rate and the start and stop of liquid iron flow is
detected by radiation detectors. A limitation of this
method is the wire dissolution rate which limits mould
filling to 4.5 kg per second for flake iron and 2.0 kg per
second for spheroidal iron.

BCIRA have developed equipment for automatic-
ally dispensing inoculant powder into the metal
stream'® . The powdered inoculant is dispensed from
a hopper at a preset rate to suit the metal flow and is
automatically timed to be introduced into the metal
stream as it enters the pouring basin. Advantages of
this method include a capability for delivering
inoculant over a wide range of rates independently of
the casting weight, uniform inoculation and a flexibil-
ity that allows its use in almost any pouring state.

The inoculating procedures outlined above were
developed empirically because of a lack of under-
standing of the fading process and the nuclei respons-
ible for flake and spheroidal formation. Early
workers, finding that graphitic C was a potent
inoculant, proposed that graphite particles were the
effective nuclei. Eash'® extended these ideas to Si-
based inoculants and proposed that their effectiveness
was due to the formation of Si-rich regions during
inoculant dissolution within which C solubility is
reduced sufficiently for graphite particles to pre-
cipitate. Wang and Fredriksson'” and Fredriksson'"
have expressed similar views. They found that
although ferrosilicon particles added to a cast iron
melt dissolved rapidly, conditions in the complex dif-
fusional zone surrounding the dissolving particles
were such that graphite and carbide particles formed
by homogeneous nucleation. It was not resolved
whether these carbides could act as heterogeneous
nuclei for graphite because many of them redissolved.
However, the redissolution leaves the melt with an
inhomogeneous distribution of Si and C which creates
liquid conditions favourable for the homogeneous
nucleation of graphite as the liquid cools.

Inoculant fade is related to homogenization of this
uneven solute distribution in the liquid. Hurum, using
metallographic  studies and Dhindow and
Verhoeven'”? and Feest et al.'”, using automated
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electron probe measurements, support the graphite
theory. Feest et al. show that ferrosilicon dissolves
rapidly in liquid iron compared to the time for which
inoculants remain effective and that graphite forms at
the interface between the dissolving particle and the
liquid. Subsequent resolution of graphite into the
liquid is relatively slow, leaving graphite residues in
the liquid at the eutectic temperature. Heterogeneous
nucleation of graphite was not considered, although
Sr and Ba enrichment was detected in the area of the
ferrosilicon liquid interface together with an
associated enrichment of C.

The importance of minor additions in ferrosilicon
was attributed to their effect on the resolution charac-
teristics of graphite. The effective minor elements are
all strong sulphide formers. It is well established that
S inhibits the resolution of graphite in liquid iron'™.
These elements concentrate in areas of C enrichment
around the dissolving inoculants and it is suggested
that there may be a link between adsorbed sulphides
and a retardation of graphite resolution.

Several investigators'”>'®" have suggested that
nucleation occurs on sulphide, carbide, oxide or
nitride particles which are products of the addition of
the modifier and/or inoculant. Jacobs et al.'’® used the
transmission and scanning electron microscope with
energy dispersive X-ray analysis to identify spheroidal
graphite nuclei in chill cast, Mg-treated iron
inoculated with either ferrosilicon or Sr-ferrosilicon.
The majority of spheroids contained plate-shaped
inclusions with a duplex structure consisting of a (Mg,
Ca) S core with an epitaxial oxide shell. The kinetics
of formation of the duplex nucleus are controlled by
Mg, Al, Ca and Sr introduced into the liquid by the
modifying and inoculating additions. The quan-
titative analysis allowed definition of the roles played
by these elements in the constitution of the nucleant.
It suggests that Sr in the superseed controls the S
activity in the liquid and lowers the temperature of
formation of the sulphide sufficiently to prevent S
poisoning the growth of the graphite and rendering
the nucleus ineffective. This model defines the
optimum modifying and inoculating additions which
make possible the production of a completely ferritic,
spheroidal structure with a high spheroid count in a
permanent mould.

Francis'® has studied spheroidal and flake graphite
extracted from commercial irons using a variety of
techniques including high voltage transmission
electron microscopy. The nuclei were mainly CeO,
and Fe,O; with some MgO in Mg + rare earth
inoculated irons. The composition of the nuclei was
variable with Si, Ca, Al, P and S detected. The nuclei
for flake graphite were sulphides of variable com-
position. Mg, Ce, Ca, Mn and Fe were detected in
various proportions. O but not S was found in
solution in the flake graphite. Neither element was
found in solution in spheroidal graphite. This suggests
that under these experimental conditions O is a more

powerful growth poisoner than S and that spheroidal
graphite forms because of the strong deoxidizing
properties of Ce and Mg. Lalich and Hitchings
detected sulphides (Mg and Ca or rare earths
depending on the inoculant) at the centre of spheroids
in laboratory prepared spheroidal irons. They
concluded that in cupola irons the nuclei were
probably complex mixtures of sulphides and silicates.

Some investigators are of the opinion that
heterogeneous nucleation of graphite occurs on gas
bubbles suspended in the melt'®*'*, However, the
volume fraction of spheroids formed in this way is
often lower than that obtained in normal practice.
Although this mechanism may operate, the extent to
which it occurs in commercial practice is uncertain.
The diverse opinions expressed in the literature
suggest that there may be considerable variation in
the nuclei composition with different inoculants.
Indeed, in view of the rapid rate of formation of
nuclei, their composition may vary within a single
melt. Such a situation may account for the fact that a
unique relationship is not observed between cell or
spheroid count, undercooling and chilling tendency.
Consequently, many factors must be incorporated
into a successful inoculation theory.

Leitaert et al.'® have advanced a model that
accounts for many of the observed effects of inocula-
tion and shows success in selecting more powerful
inoculants for spheroidal irons. It is based on current
nucleation theory and associates fade with liquid iron
which contains graphite particles in a state of dis-
equilibrium returning to the equilibrium state. The
influence of minor elements is central to the analysis.

The rate of nucleation in a liquid (/) can be
described by an equation of the form:

*
I = Kexp _I:AGD](;TAG]

AG* is the energy barrier to nucleation and is propor-
tional to y*/AG? where v is the interfacial free energy
between graphite and the liquid and AG, varies with
temperature according to the equation,

AG, = AH,AT/T,

(2.29)

(2.30)

where AT is the undercooling and T; is the interface
equilibrium temperature and H, is the latent heat of
fusion. T; depends on interface curvature or the radius
of a spherical particle according to

T, = T, — T.JAH, r (2.31)

where T, is the equilibrium interface temperature
when the interface is planar and r is the radius of
curvature of the interface.

Fade is considered to be dissolution of the
nucleated graphite particle as the system is restored to
equilibrium. The driving force is the overall change in
free energy G as compared with the equilibrium state.
The contribution of a spherical graphite particle to



the total free energy change (AG) is given by:
AG = nAG, + ny (2.32)

where 7 is the total number of C atoms in the particle.
The rate of flow of C atoms during solution is
governed by the equation:

dAG

Pl AG, + %yn %

(2.33)

Consequently from Equation (2.33) and taking into
account the variation of AG, with interface curvature
through Equations (2.30) and (2.31) it can be seen that
small graphite particles will dissolve much faster than
large ones. The interfacial free energy influences ino-
culation and fade through Equations (2.30) and
(2.33). Decreasing the interfacial free energy lowers
the energy barrier opposing nucleation and
produces more and larger nuclei at a fixed undercool-
ing. Subsequently, larger particles will dissolve more
slowly.

As has been indicated previously and is described in
more detail in the next chapter, minor elements, by
adsorbing at the graphite-liquid interface, can alter
the interfacial free energy and interface undercooling
and hence, influence inoculation and fade.
Adsorption reduces the interfacial free energy. The
inhibitor or tramp elements (O, S, Sb, Pb, Bi) produce
a larger decrease than the spheroidizing elements
(Mg, Ce). Consequently, the interfacial free energy is
increased after spheroidization.

The curvature effect is not the only influence on
interface undercooling. Minor elements adsorbed on
the graphite-liquid interface either make growth
easier or more difficult, that is, the kinetic undercool-
ing is decreased or increased. Several elements form a
boundary layer in front of the interface during growth
thus generating constitutional undercooling.

Inoculation efficiency can be improved by
increasing undercooling by the curvature effect, by
generating  constitutional undercooling and by
reducing kinetic undercooling. Kinetic undercooling
is reduced in spheroidal iron inoculation by using as
little spheroidizer as possible without reducing the
number of heterogeneous nucleation centres and
without causing spheroid degeneracy. Coupled with
their carbide stabilizing behaviour, which reduces C
activity, this explains why inoculants with low levels
of alkaline and/or rare earth elements are preferred
for spheroidal irons whereas higher levels can be
tolerated in flake irons. The higher concentration of
inhibitor elements, for example O and S in flake irons,
contribute an opposite and beneficial kinetic under-
cooling effect.

Figure 2.36 shows that Ce additions to inoculants
increase spheroid count and resistance to fade. This
has been attributed to a large decrease in interfacial
energy produced by Ce. This effect increases as the
atomic diameter of the element increases. Lietaert ef
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Figure 2.41 Effect of the amount of rare earth metals and
Bi addition on the occurrence of degenerate graphite in
24-mm thick spheroidal graphite iron plate castings a,
chunky or exploded graphite b, no degenerate graphite c,
crab or flake-like graphite (after ref. 185)

al. show that as the alkaline or Ce metal content
increases, spheroid count increases and then
decreases. This is explained in terms of the various
and opposing contributions that Ce can make to the
nucleation potential by creating nucleation sites,
decreasing the interfacial energy, increasing the
kinetic undercooling and reducing the C activity in
the liquid.

On the other hand, increasing the Bi content in the
inoculant causes the spheroid count to increase con-
tinuously but at a decreasing rate. This different beha-
viour is attributed to the two beneficial effects con-
tributed by Bi additions, namely, constitutional under-
cooling and a reduction in the interfacial free energy.
Bi and Sb are effective because small concentrations
of these elements produce a large decrease in inter-
facial free energy. Little use has been made of this
potent inoculating effect because Bi is known to cause
spheroid degeneracy. This undesirable effect can be
neutralized with a small addition of Ce. Figure 2.41
shows that a 10 p.p.m. addition of Ce to the inoculant
was sufficient to ensure no spheroid degeneracy with
the charge used by Lietaert er al. If the addition
exceeded 30p.p.m., chunky or exploded graphite
formed. The range of safe rare earth additions widens
when Bi is added to the inoculant. If the additions are
made with the spheroidizing alloy, greater additions
are required because the rare earths will remove O and
S from the iron before neutralizing Bi. Addition with
the inoculant is a more reliable and efficient method.
Although Bi is considered to be a weak pearlite
stabilizer, the numerous spheroids act as C sinks
during cooling to such an extent that the Bi-bearing
inoculant promotes as-cast ferritic matrix structures.
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Chapter 3

Solidification of cast irons

Introduction

Cast irons solidify by two consecutive processes,
primary and eutectic phase solidification. Each of
these processes occurs by a nucleation and growth
process which can be monitored on a cooling curve. A
typical cooling curve for a flake iron of hypoeutectic
composition is shown in Figure 3.1. The cooling curve
recorded during solidification is a direct response to
changes in temperature of the thermocouple bead as
affected by the latent heat evolved during solidifica-
tion and the heat dissipated by the mould. Changes in
the mode of solidification are reflected in changes in
the cooling curve.

The liquid cools at a rate determined primarily by
the component design and casting method selected.
Some control is possible by selection of pouring tem-
perature, mould materials and the use of chills.
However, there are other, and often overriding, con-
siderations in the selection of these variables. Once the
liquid iron has been poured into the mould it cools
continuously until the temperature TAL is reached
when austenite nucleates and grows into a dendritic
array during further cooling. The latent heat released
slows the rate of cooling as shown in Figure 3.1. The
liquid continues cooling until temperature TES is
reached when graphite nucleation commences the
formation of the eutectic cells in the C-enriched liquid
between dendrite arms. Nucleation continues, ac-
companied by increasing latent heat liberation, until
the cooling is arrested at temperature TEU.
Thereafter, eutectic cell growth becomes established
and occurs, initially, during recalescence. It is ac-
companied by a reducing driving force (undercooling)
until a steady state growth temperature TER is estab-
lished as a result of a balance between heat evolved
and heat removed by cooling. As eutectic solidifica-
tion nears completion the latent heat liberated reduces

gradually and the temperature falls. Eutectic solidi-
fication is complete at temperature TEE.

The location of these various temperatures and,
hence, the structural features of the iron are
determined by various particles present in the liquid
which act as nucleants for primary and eutectic sol-
idification. The structural features are also
determined by the influence of primary phase
formation on eutectic formation and the influence of
various solute elements on the nucleation as well as
growth process together with their interactions with
cooling rate and their joint effect on nucleation and
growth.

The foundrymen have at their disposal variations
in:

1. the major element content, i.e. C, Si, Mn, S and

P;

2. the minor element content, i.e. Al, Cu, Zr, Mg,

Ce, Sr, Ti, Bi etc. and
3. several processing variables, including melting

conditions, pouring temperature, inoculation,

graphitization potential, cooling rate etc.

These can be used to exercise control over solidifica-
tion events in order to obtain the iron structure
necessary to satisfy the specified component
properties.

The important structural features that result from
these solidification events are the primary phase
network which forms the matrix, the eutectic cell and
the eutectic morphology. The iron properties are
determined by the interaction of these structural units
and any structure modifications resulting from solid
state transformations during cooling or heat
treatment. For example, hypoeutectic flake irons can
be likened to a composite. Structural reinforcement is
provided by the primary phase dendrites depending
on their volume fraction (C.E.V.), structure, fineness
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Figure 3.1 (a) Typical cooling curve of a hypoeutectic grey
cast tron; 7T} is the austenite liquidus temperature; 7 is
the graphite eutectic equilibrium temperature; T is the
carbide eutectic equilibrium temperature; (1) TAL is the
temperature of the liquidus arrest; (2) TES is the tem-
perature of eutectic nucleation; (3) TEU is the tem-
perature of eutectic undercooling; (4) TER is the tem-
perature of eutectic recalescence; (5) TEE is the end of
eutectic solidification.

(b) Examples of cooling curves (1) standard cooling curve;
(2) curve for a Ca-Si inoculated iron; (3) curve for an
oxidized iron (after ref. 7)

and continuity. The eutectic fills the spaces between
the dendrite arms. The graphite skeleton within each
cell imparts a structural weakening depending on the
cell size, solidification mode and graphite
morphology. The eutectic austenite fills the spaces
between the graphite flakes in the cell. It is continuous
with the primary austenite and provides a strengthen-
ing effect within the cell.

Consequently, an understanding of the solidifica-
tion process is imperative for the control of iron
properties. Methods of monitoring the solidification
process are an essential feature of cast iron
technology. These aspects are considered in this
chapter.

Solidification science

Solidification science has been described elsewhere in
the present series. The purpose of this section is to
briefly describe our understanding of those events that
occur during the solidification of cast irons.

The nucleation process

Primary phase and eutectic cell nucleation are both
heterogeneous nucleation events. Our understanding
of this process is limited. Available models are
extensions of simple homogeneous nucleation theory.
Homogeneous nucleation theory considers a given
volume of liquid of free energy G, at a temperature T
below the solid-liquid equilibrium temperature, Ty,
within which a stable cluster of atoms forms a solid
nucleus. The free energy of this new configuration is
given by:

G, = WGy + WGy + Asyse

where ¥ and ¥ are the volume of solid and liquid,
respectively; Ag is the area of the liquid-solid
interface; yg; is the liquid—solid interfacial free energy
per unit area and Gy and G are the free energies per
unit volume of liquid and solid, respectively.

As G, = (V; + V)G, the change in free energy
accompanying the formation of the cluster in the
liquid is:

AG = G, — G,

= VAGy + As v (3.1
where
AGy, = G§ — Gy = AH(T, — T)/T;

= AH x AT|T;

AH is the latent heat of fusion. The first term in
Equation (3.1) represents a driving force for
nucleation (undercooling AT). The second term
represents an energy barrier. If the interfacial free
energy is isotropic, minimization of the surface energy
will produce a spherical cluster for which:

AG = —%7rAG, + 4nr'yg 3.2)

which is represented in Figure 3.2. This figure shows
that there is a critical free energy barrier, AG*, and a
critical radius, r*, to be exceeded before the cluster of
atoms is stable and can be considered to be a nucleus.

Differentiating Equation (3.2) with respect to r
gives

16mys; 16my3; T2 1
AG* = =

3(AGy ) AR AT?
and
o= 2ys. _ 2ys Tk % L

AG, AH AT
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Figure 3.2 Schematic plot of the free energy barrier to

nucleation at constant temperature for ——, homogeneous
nucleation; ———, heterogeneous nucleation

where

AT = T; — T.

A liquid is in a state of dynamic equilibrium.
Although atomic positions appear to be completely
random over a period of time, an instantaneous
picture would reveal small close-packed atomic
clusters exhibiting the same crystallographic order as
in the solid. These embryonic clusters span a range of
sizes. The distribution within this range is such that at
temperatures just below T there are many clusters of
small radius. Only a few clusters approach the critical
#* value. As the temperature falls, the number of
larger clusters increases and the number of smaller
clusters decreases. The number of spherical clusters of
radius r is given by:

n, = nyexp —(AG/kT)

where n, is the total number of atoms in the system
and AG is given by Equation (3.2).

Equation (3.2) shows that effectively there is a
maximum cluster size in the liquid and that it
increases as the temperature decreases as shown in
Figure 3.3. The maximum cluster size exceeds r* at an
undercooling ATy.

Nucleation is possible when the liquid cools to this
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Figure 3.3 The relationship between critical nucleus size,
r*, and the maximum cluster size in the liquid, r,,,
indicating the undercooling, AT}, at which nucleation is
possible

temperature, but the rate of nucleation, I, depends on
the rate at which further atoms join a cluster of critical
size. Thus:

AGY AG
hom = Kexp _[%{)—]

Figure 3.4 shows that the rate of nucleation increases
abruptly as the liquid undercooling exceeds ATy
which is approximately 0.337; for homogenous
nucleation.

Heterogeneous nucleation occurs at much lower
undercooling. It is achieved by lowering the free
energy barrier, usually by effectively reducing the in-
terfacial energy. This can be achieved by elements
adsorbing on the interface (S in cast iron) or with the
aid of a suitable substrate such as the mould wall or
deliberately added particles, for example sulphides
added as a result of inoculation in cast iron. A model
is shown in Figure 3.5. The change in free energy
accompanying the formation of an embryo with this
configuration is given by:

AG = —WKAGy + Ag s + AsxVsx — Asx¥xe
= f(())(_%”rSAGv + 47"2)’31)
where
2 + cosO)}1 — cosf)y
0 = X )
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Figure 3.4 The relationship between the critical free energy
barrier, AG*, with undercooling and rate of nucleation for
homogeneous and heterogeneous nucleation

and
cosf = (yx]_ _ySX)ySL (33)

Consequently, AGX, = f(AGE,,, but % = r¥, as
illustrated in Figure 3.2. The rate of heterogeneous
nucleation is given by:

DAG™ AG
L = Kexp— |:f————( ) hl(:;"+ D:|

s

/// ////////;;/x//// // //}/ 7

Nucleant X

Figure 3.5 Schematic representation of a cap-shaped
nucleus

Figure 3.4 shows that the free energy barrier to
nucleation is overcome at a lower undercooling by
heterogeneous nucleation. This model suggests that
the criterion for an effective nucleant is a low 6 value.
Unfortunately a contact angle approach to the
selection of an effective nucleant is of limited value
because, in addition to doubts concerning the shape
of the nucleus and the precise meaning of a contact
angle when applied to a nucleation event involving
only a hundred or so atoms, 8 is difficult to measure.
The paucity of interfacial free energy values makes its
calculation from Equation (3.3) difficult.

As a result, attempts have been made to correlate
nucleant effectiveness with factors that contribute to
yxL and ygx in Equation (3.3). A complex crystal
structure is associated with a high yy, value. A low ygx
will occur when there is a small lattice disregistry
between solid and nucleant, X.

However, satisfaction of this criterion does not
always ensure effective nucleation. For example,
Hellawell* has shown that a high nucleation rate can
be precluded if insufficient undercooling develops
prior to recalescence. High superheat and long
holding times destroy potential nucleants. A rough
substrate surface with crevices increases nucleation
potency and the number of nucleation centres can be
increased during solidification by dendrite remelting
or fragmentation.

The nucleation events of importance in cast irons
are those of austenite, graphite and carbide. Several
studies have identified additions that promote
austenite nucleation in grey** and spheroidal irons™®.
Figure 3.1 shows the reduced undercoolings
associated with the heterogeneous nucleation of
austenite in Ca—Si inoculated iron and oxidized iron
compared with an uninoculated iron of the same
composition’. Ca-Si is added primarily to nucleate
eutectic graphite but, as with several inoculants, it
promotes austenite nucleation. An oxidized iron
contains numerous SiO, particles which have a small
lattice disregistry with austenite®.

One of the most important liquid iron treatments is
inoculation. This is the provision of heterogeneous
nucleation centres for eutectic graphite nucleation.
Effective treatment prevents excessive undercooling
of the liquid during solidification. This avoids the
formation of undesirable graphite morphologies and
chill formation which will occur if the liquid cools
below the carbide eutectic temperature when carbide
nucleation occurs readily.

The growth process

The second stage in the solidification process is
growth of the nucleus by atom transfer from the
liquid to the solid at the solid-liquid interface. Major
factors influencing this process, in which the
structural features of the casting are developed, are
the structure of the solid-liquid interface and the



thermal and solute gradients present in the liquid at
the interface.

Solid-liquid interface structures are of two types,
atomically smooth or atomically rough®'®.
Atomically smooth interfaces occur in metals (alloys)
with a high entropy of fusion (solution). They offer a
limited number of sites for atomic additions during
growth.

In the absence of structural defects the initiation of
a new growth layer requires the formation of a stable
interface atom grouping to provide a growth step.
This ‘nucleation’ event must be repeated for each new
growth layer. The driving force required for this event
determines the interface undercooling for growth. In
the presence of structural defects such as screw dis-
locations, a self-perpetuating growth step is created
on the interface and the undercooling required for
growth is reduced.

High entropy of fusion materials display consider-
able growth rate anisotropy resulting in faceted
structures. Graphite is a high entropy of fusion
material. On the other hand, atomically rough
interfaces occur in metals (alloys) with a low entropy
of fusion (solution). Many common metals are in this
category and they display non-faceted growth forms.
Both the undercooling required for growth and the
growth rate anisotropy are much smaller. Transitions
from faceted to non-faceted growth behaviour have
been observed with decreasing growth temperature.
Impurities adsorbing on the growth interface can
change the interface structure.

The undercooling in the liquid required for solidi-
fication can be generated in several ways. Figure 3.6
illustrates four situations that can develop during
solidification. The liquidus. temperature is the tem-
perature below which solidification is possible. The
actual temperature, which is controlled by the cooling
conditions, can increase (positive gradient) or
decrease (negative gradient) into the liquid. If the
actual temperature is below the liquidus temperature,
the liquid is undercooling. The shaded areas in Figure
3.6 identify the extent of the undercooling. The
liquidus temperature in Figures 3.6a and 3.6b is in-
dependent of distance into the liquid. This occurs with
a pure metal and the liquidus temperature will remain
constant during solidification. It will also occur with
an alloy when solute mixing in the liquid is sufficient
to ensure a liquid of uniform solute concentration at
all stages of solidification. This concentration will
increase progressively during solidification (C ,, C,
etc. in Figure 3.6¢) resulting in a continuous decrease
in the liquidus temperature.

Figures 3.6a and 3.6b represent conditions of
thermal undercooling in the liquid. The liquidus tem-
perature increases with distance into the liquid in
Figures 3.6¢ and 3.6d. This situation can only arise in
alloys and when mixing in the liquid is insufficient to
ensure a uniform solute concentration in the liquid. In
that case solute accumulates progressively in the
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Figure 3.6 Four situations in which undercooling is
generated ahead of the solid-liquid interface during sol-
idification (a) thermal undercooling with a positive tem-
perature gradient in the liquid; (b) thermal undercooling
with a negative temperature gradient in the liquid; (¢) con-
stitutional undercooling with a positive temperature
gradient in the liquid; (d) constitutional undercooling
with a negative temperature gradient in the liquid; ()
phase diagram

liquid at the interface during solidification. This gives
rise to the variation in liquidus temperatures shown.
The liquidus variation shown is for the most severe
conditions of no mixing in the liquid when the solute
concentration in the liquid at the interface quickly
attains the value C,/k,. This establishes a steady-state
condition that can exist for most of the solidification
process. The liquidus temperature under these
conditions falls to the solidus temperature.
Undercooling generated in this way is termed con-
stitutional undercooling. Solutes most effective in
generating constitutional undercooling have an equi-
librium distribution coefficient, k,, that deviates
appreciably from unity. Several solutes in cast iron
including P, S, Bi, Mn and Mo fall into this category.
The condition for the onset of constitutional under-
cooling is:
Glv < mCy(1 — k¢)/Dk, (3.9

where G is the temperature gradient in the liquid, v is
the growth velocity, C, is the alloy composition and m
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is the slope of the liquidus and D is the diffusion
coefficient.

The undercooling generated in Figures 3.6b, 3.6¢
and 3.6d can be sufficient to alter the course of the
solidification process. It can lead to the instability of
a planar solid-liquid interface, resulting in an alter-
native growth morphology, or it may be sufficient for
further nucleation to occur. An example of further
nucleation are the eutectic cell nucleation conditions
created by the ‘impurity restricted growth of eutectic
cells’.

Austenite primary phase formation

Austenite is the first phase to form in hypoeutectic
irons. Once nucleated, austenite primary phase
develops into a network by dendritic growth as the
liquid cools. Austenite is a non-faceting phase and the
dendrite morphology results from instability of a
planar growth front. The essential stages of dendritic
pattern formation have been established from ob-
servations and analysis of the free dendritic growth of
pure substances and, in particular, succinonitrile, a
transparent body centred cubic material, and pivalic
acid, a transparent face centred cubic material. Both
solidify in a non-faceted manner similar to that of low
entropy of fusion metals'' .

The unconstrained growth of these thermal
dendrites is controlled by heat flow. It requires a
negative temperature gradient in the liquid ahead of
the interface to dissipate the latent heat evolved (see
Figure 3.6b). These observations show that the
dendrite tip very quickly attains a parabolic shape and
characteristic speed, irrespective of the shape of the
nucleus and the nature of the instability that initiates
dendritic growth.

Figure 3.7 illustrates the time-independent
parameters that characterize the steady-state growth
of the dendrite tip. They are the tip radius, R, the
primary space 4, and the initial secondary arm space
A3. The tip radius scales inversely with the undercool-
ing. The relationship between R and growth velocity
shows a maximum. The operative growth point on
this curve has been defined using a maximum growth
criterion. More recently, a marginal stability
criterion, which considers the tip to sharpen until it
reaches its slowest stable growth rate has been used.
The slowest stable growth rate is the growth velocity
at which the tip is just marginally stable to perturba-
tions. Secondary arm perturbations initiate at a
distance behind the tip. The ratio A3/R is constant
over several magnitudes of growth velocity.
Coarsening of the secondary arms commences a fixed
distance (8 spacings in succino-nitrile) behind the tip,
irrespective of the growth velocity. This means that
coarsening will always occur and will initiate sooner
the greater the cooling rate or undercooling.

We are concerned with the formation of alloy

(b)
Figure 3.7 (a) The tip of a growing succinonitrile dendrite
showing the fit to a common parabolic curve (black dots),
(b) Superimposition of time-lapsed photographs of a
growing succinonitrile dendrite viewed along a [100]
direction and showing the development of secondary arms
(Courtesy of Acta Met.)



dendrites in cast irons. This is a more complex
situation to analyse because it requires the simul-
taneous solution of the thermal and solutal transport
equations. Free alloy dendritic growth (Figure 3.6d)
can occur during equiaxed grain formation. The
presence of solute results in the growth velocity
showing a maximum at a certain alloy concentration.
The tip radius exhibits a minimum value at a
somewhat higher solute concentration® .

A more common situation in castings is heat
extraction from the liquid through the solid (Figures
3.6a and 3.6¢). This heat flow pattern is promoted by
high pouring temperature. The induced directional
mode of freezing also assists in promoting feeding.
The columnar structure generated grows with a
positive temperature gradient in the liquid ahead of
the interface. If the liquid is pure, the solid-liquid
interface is planar. However, in alloys, solute accu-
mulation at the interface creates constitutional under-
cooling, which destabilizes the planar interface. This
promotes a cellular interface when the temperature
gradient is high, for example, in welds or a cellular—
dendritic interface, or when the temperature gradient
is lower, as in castings”. This mode of growth is
referred to as constrained dendritic growth.

The steady state features of constrained dendritic
growth have been analysed with the aid of studies on
transparent systems’™*'. Many of these characteristics
are similar to those of pure dendrites. The primary
spacing passes through a maximum with increasing
growth velocity that correlates with the cell-dendritic
transition. At higher growth velocities 4, oc v™'.
The primary spacing increases as the alloy concentra-
tion increases and varies inversely with G'2. The
initial secondary arm spacing is independent of tem-
perature gradient and varies inversely with the growth
velocity and solute concentration.

However, the properties of a casting are influenced
more by the time-dependent features that develop
behind the dendrite tips, independently of their
steady-state growth, and whether the mode of solidif-
ication is columnar or equiaxed. The formation of
equiaxed grains is favoured by low pouring tem-
perature, numerous and efficient heterogeneous
nuclei, convection, low temperature gradient and
increased solute content™. Equiaxed grains usually
grow more slowly than columnar grains and develop
rod-like dendrites. In contrast, columnar grains
exhibit a plate-type structure.

The important phenomena which occur behind the
tips include arm coarsening and interdendritic seg-
regation. Coarsening occurs during growth as a result
of diffusion processes driven by surface tension.
Several mechanisms, including the disappearance of
side arms, can operate at different stages during sol-
idification. The arm spacing in the solidified alloy
depends on the time, ¢, from the onset of solidifica-
tion, with a small independent effect of the cooling
conditions. Measurements have shown that the final
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secondary arm spacing is given by A; oc £ where ¢, is
the local solidification time and » is approximately !4
(refs. 33 and 34).

The cooling curve in Figure 3.1 for the oxidized iron
shows that austenite formation occurred over a longer
period than in the other irons. This produces a greater
volume fraction of dendrites and allows longer for
coarsening. Quantitative models of microsegregation
based on the Scheil equation for solute segregation
modified for the effect of solute diffusion in the solid
have been developed by Flemings and co-workers"*.
Dendrite arm coarsening influences microsegregation.
In general, it reduces it*®.

Microsegregation can be extensive. For example,
Bi, Pb and Sn have distribution coeflicients approach-
ing 0.1 in cast iron. Their concentration can increase
eight times in the last 10% of the liquid to solidify.
Initially, interdendritic segregation creates the liquid
condition necessary for eutectic solidification. In the
later stages, minor elements may segregate sufficiently
to change the graphite morphology or to create
sufficient constitutional undercooling to promote
further eutectic nucleation or even result in the
formation of intercellular carbides.

Several studies have reported the influence of sol-
idification conditions and minor elements on
proeutectic austenite dendrite formation and on iron
properties®” . The observations can be explained
using the concepts described above. For example, Ti
additions increase dendrite length and interaction
area, thus increasing the iron strength. This is
attributed to TiN or Ti(CN) acting as a heterogenous
nucleant for austenite and Ti promoting constitution-
al undercooling. When excess Ti is present, it reacts
with S instead of Mn and the resulting TiS particles
are not as effective as MnS in nucleating graphite.
Consequently, delayed eutectic graphite nucleation
allows more primary phase formation.

Ti refines the secondary arm spacing in higher
C.E.V. irons by enhancing nucleation but increases
the spacing in lower C.E.V. irons where the longer
freezing period allows extensive coarsening. Small
amounts of Ti (0.005-0.01%), through their influence
on austenite dendrite formation, can be used to
reduce the susceptibility to spiking and associated
casting defects*'.

Spiking is the phenomenon of the formation of
coarse, aligned austenite dendrites at a temperature
just below the austenite liquidus temperature. It was
first associated with the observation of black zones on
the fracture surface of feeder contacts. The presence
of large coarse dendrites hinders the flow of liquid
iron from feeder to potential shrinkage locations.
Shrinkage then comes to the surface and the interden-
dritic voids are oxidized and give rise to the dark
coloration on the fracture surface. Conditions found
to favour spiking include a high liquid iron tem-
perature and excessive holding time, oxidizing melting
conditions, high steel content in the charge, slow
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Figure 3.8 (a) Stepped structure on the (11) face of a two
dimensional crystal; (b) Advance of the (11) face by
addition of atoms to the step; (c) All the high index faces
have grown out of the crystal which is bound by low
index faces

cooling rate and low C.E.V.. Suggested remedies
include Bi and Ti additions, inoculation and effective
control over oxidizing conditions in the liquid®.
Spiking manifests itself internally in spheroidal irons
in the form of ferritic bands which contain aligned
spheroids and oxide inclusions. This reduces the
ductility of the iron®.

Graphite primary phase formation

Graphite is the first phase to form in high C.E.V.
hypereutectic irons. It has a high entropy of fusion
and differs from austenite in its solidification
behaviour. Whereas austenite grows at a rate
controlled by diffusion with all atoms finding a place

on its atomically rough solid-liquid interface,
graphite growth is controlled by the rate at which
different solid-liquid interface structures can incor-
porate atoms. If a multi-faced particle nucleates in the
liquid, the high-index stepped interfaces will grow
relatively quickly and disappear, leaving the particle
bound by low-index faces. This is illustrated for a
simple two dimensional crystal in Figure 3.8.

In the case of graphite, the resulting crystal is
bound by six prism faces and two close packed basal
faces as shown in Figure 3.9. Continued growth of the
particle under solidification conditions that do not
cause interface instability depends on the structure of
the growth interfaces. If the faces are structurally
perfect, growth requires a nucleation event before the
interface can advance one atomic layer by the passage
of a step across the interface. However, both surfaces
contain defects which provide steps and make growth
easier. Growth in the ‘¢’ direction occurs from the step
of screw dislocations intersecting the interface®. The
step of a screw dislocation becomes a spiral during
growth. Atoms attach at the step of the spiral and the
resulting rotation produces growth of one step height
per revolution. A second step defect is a twist or
rotational boundary”. Growth in the ‘a’ direction

‘c’ face
basal plane
‘a’ face
prism plane

¢ direction

[0001] e
a’ direction
[1070]

C axis
Vs
4321

{b)

Figure 3.9 (a) Graphite crystal structure; (b) Growth in
the [10T0] by growth of (10T0) faces as a result of
nucleation on steps at rotational faults; (c) Growth in the
[0001] by growth at a dislocation step. The successive
positions of the step of a screw dislocation show the de-
velopment of a growth spiral



from prism faces occurs with the aid of this step
defect.

Growth rate anisotropy still exists and determines
the shape of the graphite phase such that the primary
phase in commercial flake irons occurs as flat
hexagonal plates known as Kish graphite. Primary
graphite formation can be troublesome in the
production of high C irons for applications such as
ingot moulds. The phenomenon called ‘graphite
flotation’ results in a layer of high C content on the
cope surface of a casting. This occurs primarily in
heavy, high-C iron castings with extended solidifica-
tion times. Recent studies have shown that the
primary phase forms at a free liquid surface as a
consequence of supersaturation that is controlled by
composition and temperature*** and not in the melt
followed by flotation. These findings throw doubt on
the effectiveness of the established practice of holding
the melt to dissolve graphite particles. This practice
anticipated separation of graphite particles by
flotation and attempted homogenization by heating.

Graphite flotation occurs in compacted and
spheroidal irons when the primary phase structure is
one of several forms of exploded graphite. These
graphite morphologies develop when the solid—liquid
interface is unstable. Growth instabilities in low
entropy of solution alloys that display isotropic
surface energy and interface kinetics can be defined by
perturbation analysis or constitutional undercooling
theory, as outlined in the previous section. Solute has
a similar destabilizing effect on a faceted interface but
the surface energy and interface kinetics are not
isotropic. Consequently, the behaviour of such a
surface must be examined in terms of its structure,
step source behaviour and growth kinetics. It is found
that the resulting growth morphologies are more
varied than the dendrite morphology observed in
metals.

Indeed, interface kinetics can lead to an increase in
the interface stability. Consider a cube growing in a
liquid undercooled by a constant amount. Part of this
undercooling is used for atomic attachment to the
solid and part for solute and heat diffusion, the latter
in particular. Heat flow is easier from the corner than
from the centre of a facet. Hence, the driving force
available for layer growth is greater at the corners.
Steps nucleate in these areas and propagate across the
interface at a decreasing rate, v, determined by the
undercooling available for atomic attachment. This
decreases towards the centre of the facet. This leads to
closer spacings, d, of the steps on the interface at the
centre of the facet. The facet can advance with the
same velocity everywhere and remains stable provided
v/d is constant across the interface. This renders the
faceted interface relatively stable compared to a non-
faceted interface, which would develop perturbations.
Eventually, the diffusional undercooling at the centre
of the facet becomes so large that the undercooling
available for atomic attachment becomes very small.
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Steps cease to propagate in this area and the planar
interface breaks down. This is predicted to occur
when:

vr/D > ATImCy(1 — k)

where AT is the undercooling, D the diffusion coef-
ficient, v the growth velocity and r the approximate
radius of the faceted crystal. Once a critical crystal
size is exceeded, the corner effect can predominate,
leading to faceted dendritic or hopper crystal
growth®%,

Chernov® has aaalysed the instability of faceted
surfaces in a similar way and related the changes in
orientation to changes in the kinetic coefficient.
Chernov also considers the formation of hillocks on
unstable facets, showing that the angle of the hillock
increases with the degree of supersaturation.
Minkoff® has examined the growth features of
graphite in several alloys including cast irons. A
central feature of his explanation of cast iron
structures is the instabilities that occur on primary
and eutectic graphite during growth in contact with
the liquid. These instabilities include:

1. primary graphite branching dendritically from
(1070) faces;

2. eutectic crystals branching out of the edge of
flakes;

3. steps on graphite becoming unstable and forming
ledges (see Figure 6.21 in Chapter 6);

4. these ledges becoming unstable and leaving the
surface to grow into the liquid (see Figure 6.26 in
Chapter 6);

5. ledges growing round crystals;

6. pyramidal projections growing on (0001) faces (see
Figure 6.12 in Chapter 6) and

7. elongated surface pyramidal crystals.

Eutectic solidification

Eutectic solidification is a nucleation and growth
process. Nucleation occurs at temperature TES in
Figure 3.1. Inoculants present in the liquid and the
solidification conditions determine the nucleation
temperature and the eutectic cell count. They also
influence the solidification conditions when growth
commences. The main structural features are
determined during growth. Directional solidification
has been used to study eutectic growth without inter-
ference from nucleation. Alloys have been divided
into two groups on the basis of these studies™.

1. normal eutectics, in which both phases of a binary
alloy show non-faceting growth behaviour and

2. anomalous eutectics, in which one phase has a high
entropy of solution and is capable of faceting.

Figure 3.10 shows a section through a three dimen-
sional model showing the main types of eutectic
structure observed in pure binary alloys. The section
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Figure 3.10 Classification of eutectic microstructures in terms of entropy of solution and volume fraction of the second
phase (a) at a growth velocity of 5ums™' a, normal lamellar; b, normal rod; ¢, anomalous broken lamellar; d, anomalous
irregular flake; e, anomalous complex regular; f, anomalous quasi-regular; g, anomalous fibrous structure (b) location of

the boundaries at different growth velocities; ——, 0.5 um s~

shows the influence of entropy of solution and volume
fraction of the second phase on structure type and the
influence of growth velocity on the position of several
boundaries dividing the structural types. The vertical
line at AS = 23Jmole™'K~! divides normal and
anomalous types.

Normal structures which form between two non-
faceting phases display lamellar or rod morphologies.
The boundary dividing these two structures falls to
lower volume fraction values with increasing AS
because the interphase boundary energy anisotropy
which stabilizes the lamellar structure increases as the
tendency towards faceting increases. The two phases
in a normal structure have similar growth characteris-
tics. Hence growth occurs in a coupled manner at a
relatively isothermal interface which is undercooled a
few degrees.

This growth process has been analysed on several
occasions', in particular by Jackson and Hunt®%,
They presented a steady-state solution for the solute
diffusion equation for lamellar growth at a planar
interface. The interface must undercool for growth
and this undercooling was attributed to:

;——, 5.0ums™'; ———, 50 ums~! (after ref. 49)

1. AT,-the undercooling required for solute diffusion
in the liquid; this allows the two phases to be in
contact with different compositions in the liquid;

2. AT,—the undercooling required for the formation
of phase boundaries and

3. AT,-the undercooling required for atomic
attachment at the interface; this contribution is
negligible compared to the other two undercool-
ings for normal eutectics.

Their analysis relates total interface undercooling,
AT, with growth velocity and interlamellar spacing, 4,
by a ‘growth’ equation:

AT/m = viAQ + a/i

where m, Q and a are constants.

Equation (3.5) is represented in Figure 3.11 for a
constant growth velocity. This growth curve does not
provide the unique solution that experiment suggests
exists between v, AT and A because the analysis
assumes, a priori, a steady state of uniform spacing
and does not contain information about the states of
transient evolution leading to the steady state. The

(3.5)
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Figure 3.11 Growth curve relating undercooling and
spacing at constant velocity

operative growth point on the curve has been
discussed extensively' and the concensus is that
growth occurs close to, but to the right of the
minimum. For the minimum point:

v = a/Q
ATy = 4mlaQ
and

ATi = 2ma.

This form of relationship has been observed in
several lamellar systems, but uncertainty in the values
of m, Q and a makes assessment of the agreement
between theory and experiment difficult. There must
be a structural mechanism available for rapid spacing
changes if growth is to be maintained close to the
minimum under non-steady state conditions. The in-
terlamellar spacing adjusts readily to the value appro-
priate for a changed growth velocity by the rotation of
lamellar faults®.

Temperature gradient in the liquid has little effect
on the growth of lamellar structures in pure binary
alloys. However, it plays a role in the development of
constitutional undercooling in the presence of
impurities. This leads to interface instability, as in
single phase alloys, and a cellular or colony structure.
The use of the term ‘cell’ in this context should not be
confused with its long established use to describe a
eutectic grain in cast irons.

Many casting alloys, including cast irons, display
anomalous eutectic structures. The different growth
behaviour of the two phases produces a different
growth pattern than in normal eutectics. Growth is
less coupled at a non-isothermal interface. This results
in branched and irregular morphologies. The
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structural features depend on the growth mechanism
of the faceting phase, the temperature gradient in the
liquid and the difference in response of the two phases
to growth rate fluctuations.

When the eutectic contains a small volume fraction
of faceting phase, overgrowth of this phase by the
non-faceting phase in response to a growth rate fluc-
tuation is restricted by local branching or twinning of
the faceting phase. The broken lamellar structure
predominates when ¥ < 10% (region ‘¢’ in Figure
3.10) and local branching or splitting of the faceting
phase occurs within the lamellar plane. When the
volume fraction is greater, the faceting phase
branches outside the lamellar plane. This produces
the flake structure (region ‘d’). The frequency of
overgrowth decreases as the volume fraction of
faceting phase increases. When ¥ exceeds about 20%,
cell formation at the interface becomes the preferred
mechanism for overcoming growth restrictions.
Region ‘¢’ contains an increasing amount of complex
regular structure as ¥ increases”®’. When ¥ exceeds
about 40%, the quasi-regular structure containing
regular dispersions of faceting phase is found in
region ‘f”. Eventually, as ¥ exceeds 50%, the high
entropy phase becomes the matrix®*. Curvature
effects at the solid-liquid interface can prevent the
high entropy phase from faceting, and a regular
structure is formed.

The Fe-Fe,C eutectic falls into this category.
Region ‘g’ defines a fibrous structure often found at
higher growth velocities in systems that otherwise
display broken lamellar, irregular flake or complex
regular structures. Regions ‘c’ and ‘d’ tend to shrink
and region ‘g’ to expand as the growth velocity
increases. This accounts for growth-velocity-depen-
dent transitions such as quench modification (flake—
fibre transition) in Al-Si alloys.

The flake structure is the most studied anomalous
structure because of its commercial significance.
Experiment has shown that both the interface under-
cooling and the interparticle spacing are greater than
in lamellar growth. They decrease as the temperature
gradient in the liquid increases®®!.

Attempts to account for these differences have been
discussed by Elliott'. The first analyses attributed the
differences to the kinetic control of the growth of the
faceted phase which was neglected in the lamellar
growth analysis"%. These analyses, based on a planar
interface, were only partially successful and did not
account for the temperature gradient dependence.
More recent analyses®* consider the diffusional and
curvature contributions to the undercooling to be the
significant ones. They also discuss the modification
required to the Jackson and Hunt analysis in order to
explain the larger spacing and undercooling.

Lamellar growth analysis indicates that interface
non-planarity can have an appreciable effect on solute
diffusion and its importance increases with increasing
asymmetry of the eutectic point in the phase diagram.
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Figure 3.12 Eutectic interface geometries analysed by (a)
Jackson and Hunt®; (b) Sato and Sayama®®; (c) Fisher
and Kurz*

Sato and Sayami® consider partially coupled growth
by assuming that part of the major phase falls away
from the isothermal interface (Figure 3.12) and only
that part of the major phase that remains isothermal
(up to point ‘w’) with the minor phase needs to be
considered. Calculation of the growth equation
follows the Jackson and Hunt model, but the solute
and curvature undercoolings for the major phase are
modified. The growth equation is of the same form as
Equation (3.5), but with different constants. This
model leads to larger spacings and undercoolings for
partially coupled growth. The predicted value for grey
iron is smaller than the observed value. This dis-
crepancy and the influence of S on the A>v parameter
were discussed® in terms of spacing changes that
occur as a result of pinching off or branching
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Figure 3.13 The variation of undercooling with spacing
and temperature gradient for a constant growth velocity
of 10ums~' calculated by Fisher and Kurz®. The shaded
area is inaccessible because branching occurs at the edge
of the area (after ref. 64)

phenomena within the groove that forms the major
phase. This behaviour depends on the G/v ratio.

Fisher and Kurz* used a similar model, but argue
that if the geometry on the undepressed part of the
major phase is fixed, it must exert an influence over
the shape of the depressed part through surface
tension effects.

These arguments are developed to include the tem-
perature gradient in the liquid in the growth equation.
An example of the solution to this equation is given in
Figure 3.13. Tt is necessary to decide which spacing the
eutectic will choose when the growth velocity and
temperature gradient are fixed. This chosen spacing
must be related to a spacing change mechanism as in
lamellar growth. Observations made on organic
analogues suggest that a spacing that is too small is
easily adjusted by a mechanism in which the flake
ceases to grow. This mechanism is similar to that
observed in normal eutectics. Consequently, the
minimum local spacing corresponds to the extreme
value on the growth curve. If the spacing is locally too
large, the anisotropic growth of the faceted phase
prevents easy decrease in the spacing in contrast to
lamellar growth. The flakes then continue to grow in



a divergent manner until the undercooling at the flake
interface is sufficient to cause interface instability and
branching of the flake.

A simple Mullins and Sekerka stability criterion
was used to define the spacing at which branching
occurs. This defines the shaded area in Figure 3.13 at
the boundary of which branching occurs. The
observed spacing is the average of A, and Aypunep - This
analysis predicts much larger spacings and undercool-
ings than the Sato and Sayama analysis. A decrease in
spacing and undercooling is predicted as the tem-
perature gradient increases. The effect of temperature
gradient is explained in terms of its effect on the
overall extent of the solid-liquid interface in the
growth direction. The model suggests that the
divergence of two flakes leads to a depression in the
non-faceted matrix due to the accumulation of solute.
This results in a depletion of solute at the flake
interface and decreases the tendency to branch.
Increasing the temperature gradient flattens the
interface. This reduces the efficiency of solute
rejection from the faceted interface. It also increases
the constitutional undercooling at the interface,
resulting in a greater instability and a decrease in the
maximum spacing thereby producing the decrease in
the average spacing shown in Figure 3.13.

The interface depression that develops on the major
phase as the flake spacing increases may breakdown
to give a dendritic matrix structure depending on the
degree of interface undercooling. A structure that is
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Figure 3.14 The solidification of white cast iron. Fe,C is
the white phase and austenite is the black phase (after ref.
66)
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observed occasionally in grey irons consists of two
distinct flake spacings; the finer-spaced flakes appear
between those of coarse spacing. This structure has
been referred to as undercooled because the finer
structure is similar to that observed at higher growth
velocities and grows behind the tips of the coarse
flakes.

Fisher and Kurz show that the ‘undercooled’
eutectic forms in the depression on the major phase as
an alternative means of relieving the undercooling
that occurs as a result of the inability of the coarse
flakes to adjust their spacing. The Fisher and Kurz
analysis is not based simply on a larger kinetic under-
cooling associated with a faceted interface. Indeed,
the analysis uses the basic premise that a large growth
rate anisotropy, which is characteristic of high
entropy of solution phases, prevents easy decrease in
flake spacing.

Cast iron eutectic growth morphology

The characteristic structures of pure eutectic alloys
have been described in the previous section. The
growth morphologies exhibited by cast irons are
described and related to the classification in this
section.

White irons

The metastable unalloyed Fe-Fe,C ledeburite
eutectic, illustrated in Figure 3.14, is classified as
quasi-regular. Hillert and Subba Rao® have shown
that once Fe,C has nucleated, edgewise growth of
Fe,; C plates occurs rapidly. They lead austenite at the
interface and an orientation relationship develops:

(104)Fe3C//(101)y

(010) Fe,C / / (310)y

Fe,;C and austenite also grow in a co-operative
manner and form a rod structure perpendicular to
and between Fe,; C plates. These two modes of growth
form the quasi-regular structure but the edgewise
growth is more rapid than the sidewise mode and
dominates the structure (see Figure 6.1 in Chapter 6).
Directional solidification experiments®’ have shown
that the operative point on the growth curve for the
quasi-regular structure is close to the extremum point.
Powell® has shown that the quasi-regular structure

_can be quench modified, but impurity modification

has not been explored.

The improved toughness of alloyed white irons is
associated with the different eutectic morphology of
the Fe-M, C; eutectic. This is an anomalous structure
with a broken lamellar structure. The structure is a
mixture of blades and hollow faceted rods. The
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proportion of rods in the structure increases as the
cooling rate increases.

Grey flake irons

Grey cast irons do not fit as easily into the classifica-
tion system. The characteristic structure of pure Fe—
C-Si eutectic alloys is spheroidal®. Although the
flake structure is often described as characteristic, it
only forms in the presence of impurities. The signifi-
cance of minor elements has been emphasized
already. It is important to gain an understanding of
their role in controlling graphite morphology in order
to produce the family of structures that range from
flake through intermediate forms such as coral and
compacted to spheroidal, and to avoid the formation
of undesirable degenerate spheroidal structures.

The growth of the flake structure is well defined.
Once graphite has nucleated, the eutectic cell grows in
an approximately radial manner within the
constraints imposed by surrounding austenite
dendrites. The flakes bend, twist and branch as
depicted in Figure 3.15. Microstructures of irons
quenched during cell growth show that the graphite
leads at the interface. Each flake is wetted by austenite
up to the growing edge. The flakes can only grow by
the extension of the flake in the close packed, strong
bonding ‘a’ direction. Significant growth in the ‘¢’
direction is precluded by the adjacent austenite.

Graphite

Austenite

‘c’ direction

oy
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Figure 3.15 (a) Schematic representation of the growth of
a flake graphite eutectic cell; (b) Eutectic cell growth in a
compacted iron showing graphite layer growth along the ¢
axis; (¢) Growth of a spheroid at the tip of compacted
graphite after losing contact with the liquid

(/
J//

Figure 3.16 Branching mode of graphite in a eutectic cell
(after ref. 70)

The graphite is continuous through the cell, but is
not a single crystal. Defects are introduced as a result
of growth constraints imposed by the surrounding
austenite, the fourfold increase in specific volume of
graphite relative to the liquid from which it forms,
and by impurities. The presence of layered rotational
faults* provides a means for flakes to branch in many
directions within their own plane. Twin/tilt
boundaries allow branching outside the plane.

Flakes branch during growth by lateral division
and rarely by splitting along the plane of the sheets. A
model of branching from the (1010) plane is illus-
trated in Figure 3.16™. This is an example of an
anomalous flake structure and the branching
frequency is considered to be proportional to the
interface undercooling. Undercooled graphite is a fine
flake graphite grown at a higher undercooling.

Different explanations have been given for the role
of impurities, such as O and S, in promoting the flake
morphology. On the one hand, it has been suggested
that O and S in graphite impede slip and prevent
curved graphite growth that is considered an essential
feature of spheroidal growth. In addition, S lowers the
austenite-liquid interfacial free energy, thus creating a
mushy zone in which austenite dendrites are separated

by continuous liquid films (Figure 3.17). This con-
figuration is not conducive to spheroidal growth. An
alternative view is that small concentrations of
impurities in solution can have a considerable effect
on interface mobility and the driving force for growth.

The effect on mobility has been studied by Gilmer™
and quantified using computer simulation of the
dynamics of crystal growth. In keeping with these
predictions, it is suggested that several impurities,
including O and S, adsorb on the growth interface.
This makes the prism plane non-faceted and lowers
the kinetic undercooling required for growth in the ‘a’
direction. The role of impurities that bond strongly
with the host lattice (ordering impurities such as O)
can be distinguished from those that bond weakly
(clustering impurities such as S). The influence of



(b)

Figure 3.17 Schematic representation of the growth of
eutectic cells of (a) flake graphite; (b) spheroidal graphite;
(c) degenerate graphite and their associated mushy zone
configurations; W graphite; O austenite; B8 liquid

minor elements on the driving force is through the
generation of constitutional undercooling.

Nieswaag and Zuithoff*® have shown that the flake
spacing first increases and then decreases with
increasing S content in irons grown at a constant
velocity. The increase in spacing is attributed to S
adsorption, which lowers the kinetic undercooling
and hence, the interface undercooling and the
frequency of branching. Higher S concentrations lead
to a second influence. S builds up in the liquid and
promotes constitutional undercooling, causing an
increase in the frequency of branching.

Spheroidal irons

This is a divorced eutectic. Graphite nucleates in
liquid iron pockets and grows into a spheroid in-
dependently of the austenite phase. Growth proceeds
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from the centre of the spheroid outwards until
enveloped by austenite. Growth after envelopment
must be limited and incidental to the formation of the
spheroid. The ‘¢’ axis is approximately parallel to the
radial direction. These are established features of
spheroidal growth.

There is no unanimity on growth mechanism. Some
authors®” have proposed a circumferential growth
model involving growth in the ‘a’ direction as
indicated in Figure 3.18 (see also Figure 6.24 in
Chapter 6). This model is based on the known ability
of graphite for curved growth in pure alloys. The
observation of serrated ‘herring-bone’ patterns

‘a’ direction [1070]

(b}

Figure 3.18 (a) Schematic representation of the circum-
ferential growth of a spheroid; (b) Schematic representa-
tion of the surface of a spheroid showing a variety of tilt—
twist boundaries between individual segments which
provide numerous locations for layer growth; (c) Model
for the initial stages of spheroid growth (after ref. 73)
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associated with distinct curvature of the basal planes
in the core of spheroids has led to the suggestion” that
these irregularities are not incompatible with a variety
of sections through conical helices. It has also been
suggested that the initial stages of growth may consist
of a loose combination of conical helices as shown in
Figure 3.18.

Slight misorientations between numerous radial
filaments will produce a very uneven multi-stepped
surface with myriads of tilt and twist boundaries.
These defects will allow one subgrain to grow over
another. This creates many sites of active growth and
quickly renders single dislocation step sources
relatively unimportant. The growth form has been
likened to a cabbage leaf pattern. The role of spher-
oidizing agents is that of scavengers removing
elements such as S from solution, thus permitting
curved growth. Through its influence on the aus-
tenite-liquid, the spheroidizing agent interfacial
energy creates mushy zone configurations conducive
to the unconstrained growth of spheroids (see Figure
3.17).

Johnson and Smartt™ have proposed a slightly
different model based on Auger microprobe measure-
ments. These measurements show that O and S are
adsorbed at interfaces in flake irons, but that
interfaces in spheroidal irons were free of minor
elements. Spheroids are considered to grow in liquid
iron pockets in the ‘¢’ direction with the aid of screw
dislocations with a negative temperature gradient in
the liquid. When the spheroids are small, growth
perturbations are damped by capillary forces. Once
the diameter exceeds 300-500A, perturbations
develop, and a star-shaped spheroid is produced.
Cavities between perturbations eventually solidify,
thus producing a macroscopically smooth surface. A
high density of screw dislocations generated as a
result of stress introduced by the incorporation of
non-C atoms in the lattice is suggested to promote
rapid growth. Splitting and branching of the graphite
combined with its high flexibility allows the relative
orientation of the basal planes to change during
growth.

A similar model was presented by Oldfield et al.”
based on observations made on transparent glycerol-
water solutions. Interface breakdown is a central
feature of this model. The starting point is a
polyhedral crystal growing with a stable faceted
interface. Once a critical size is exceeded the facets
become unstable. If a protuberance formed on the
face projects far enough into the undercooled liquid it
will grow at the same velocity as the corner in Figure
3.19. It will always lag behind the corners by a
distance, d, which separated it from the spheroid
envelope at initiation. However, as growth proceeds,
the assembly increasingly approximates to a spherical
form. The initial crystal in spheroidal graphite is
considered to be bound by faceting planes and the
growth instability to be dendritic. Growth occurs by

-Spherical
envelope

(b}

Figure 3.19 (a) Growth of a spheroid by interface

breakdown; (b) Crystallite develops at centre of the face
when the crystal is of size r. The spherical envelope is a
distance d ahead of the growing crystallite (after ref. 75)

a screw dislocation mechanism. Each screw disloca-
tion has an edge component which results in the
graphite twisting in space. This ensures that the
dendrites have sufficient flexibility to develop into a
spheroid.

More recently, Minkoff and co-workers’ have
studied interface instability in several eutectic systems
which contain graphite as a faceting phase. Their
interpretation of structural observations places
emphasis on the role of interface undercooling and its
dependence on the minor element concentration.
Reactive elements, including Mg, Ce and rare earths,
are considered to adsorb on the graphite-liquid
interface. In addition to neutralizing growth from the
prism plane by rendering it faceted, they are thought
to poison growth on the basal plane. When insuf-
ficient reactive element is adsorbed for complete
coverage of the (0001) interface, growth is impeded
only at dislocation steps where adsorption has
occurred. This localized effect leads to the formation
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Figure 3.20 Correlation between the different types of in-
stability observed in graphite growth and the growth mor-
phologies. The different instabilities have been related to
different degrees of undercooling. Spheroid growth is
correlated with the instability of steps on pyramidal faces
(after ref. 77)

of holes in the eutectic graphite as observed in Ni—-C
alloys containing La (ref. 76). With a greater coverage
the interface must undercool if growth is to continue.
The growth form that appears corresponds to the
instability that operates on the (0001) faceted
interface at the new growth temperature. This effect of
reactive elements is a kinetic undercooling effect but
of the opposite sense to that of S. Constitutional
undercooling due to the build up of neutral or
inhibitor elements at the interface also contributes to
the total undercooling.

Munitz and Minkoff”’ have suggested the correla-
tion between graphite form and undercooling shown
in Figure 3.20. Each growth instability has its own
temperature of growth, which must be achieved by the
correct composition adjustment. Graphite flakes have
their characteristic growth temperature. The inter-
mediate coral structure is associated with an under-
cooling sufficient to unstabilize dislocation steps on
the (0001) surface, thus producing elongated promon-
tories or rods. At a larger undercooling, pyramids
develop on the (0001) surfaces which can become
unstable edgewise and provide a mechanism for flake
thickening during the growth of intermediate
compacted iron. An undercooling of approximately
30°C is associated with the growth of normal
spheroidal structures. This undercooling provides a
sufficient driving force for the independently growing
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graphite phase to grow in a pyramidal manner with
faces of index (112n) (n > 1) and for these faces to
develop a pyramidal instability.

Observations of the initial stages of growth” show
that the unstable pyramidal growth front is outlined
by impurity segregation which accompanies growth.
These markings correspond to the zig-zag patterns
described by several investigators. The instability
occurs on all faces until recalescence reduces the un-
dercooling. Then the pyramidal interface is replaced
by one in which steps move out in an edgewise growth
mode. This smoothes the contour. At larger under-
coolings (~40°C) the instability is in the form of
relatively stable pyramids bound by (1121). This
growth mode produces an imperfect spheroid.

Thus, it is suggested that in commercial practice the
required graphite morphology is obtained by con-
trolling the undercooling by careful balanced control
of the minor element content. Well shaped spheroids
are achieved by the kinetic undercooling effect. A
compositional imbalance providing too much con-
stitutional undercooling results in imperfect spheroids
showing interface protuberances’” or step unstable
spheroids”. A deficiency of spheroidizing agent
results in intermediate graphite forms, whilst excess
can lead to metastable carbide formation. Con-
stitutional undercooling promoted by Si in the
absence of spheroidizing agents in Fe—C-Si alloys
leads to coral graphite formation® . Several additional
factors must be taken into account in selecting the
minor element balance:

1. Minor elements may interact in the liquid iron
resulting in a lower concentration of a particular
element in solution. For example, Mg and Ce
interact with O and S. This produces a deficiency in
spheroidizing agent and intermediate, rather than
spheroidal, structures. Likewise, spheroidizing
action is reduced when Ti interacts with Mg or Ce.
The influence of Ce in neutralizing the subversive
effect of elements such as Bi on spheroid shape is
due to Bi—Ce compound formation®'.

2. Minor elements can display a dual effect during
solidification. This has been described for S in flake
irons. Ti and Cu, after interacting with a spheroid-
izing agent, can promote constitutional undercool-
ing when present in excess.

3. The influence of spheroidizing agents is additive.
When a combined addition of Mg and Ce is made,
only part of the required undercooling is supplied
by Mg. The remainder is supplied by the less
reactive Ce. This offers the advantage of obtaining
a fully compacted microstructure over a wider con-
centration range of spheroidizer (see Figure 1.16 in
Chapter 1).

4. Slow cooling in large section casting is conducive

to micro and macro segregation. The concentra-
tion of solute in the liquid at the growth interface
changes progressively during solidification and
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may be estimated using the Scheil equation:
G = GU —gf!

where C is the solute concentration in the liquid, C,
is the average solute concentration, g is the fraction
solidified and k is the distribution coefficient. The
greater the deviation of the distribution coefficient
from unity, the greater the segregation.

P, and Mn segregate strongly to eutectic cell
boundaries where compounds form. Mo and Ti
behave in a similar manner®?. The segregating solute
may reach a concentration sufficient to modify the
graphite morphology. A Cu-Mo alloyed spheroidal
iron containing only 0.025% Ti displayed graphite
flakes as well as compounds in eutectic cell boundaries
as a result of Ti segregation. The elements Bi, Pb and
Sn segregate strongly. Munitz and Minkoff” have
estimated that 100 p.p.m. of these solutes generates a
constitutional undercooling of 3.5K.

Consequently, segregation can lead to significant
increases in interface undercooling. In keeping with
this suggestion, Munitz and Minkoff®® have shown
that pyramidal graphite crystals bound by (1121)
faces occur in Ni~C alloys containing Mg and high Pb
levels. S segregates strongly to eutectic cell boundaries
where it may reach a sufficient concentration, even in
irons with a low average S content, to interact with
Mg and produce intermediate rather than spheroidal
structures.

Minkoff has incorporated these considerations into
his ‘Delta Tee’ method for balancing the minor
element content™. This method is based on calcula-
tions of the undercooling at the graphite liquid
interface due to solutes in solution. It compensates for
solute interaction and segregation effects. It can be
used to determine or correct the minor element
balance for flake, compacted or spheroidal irons.

Coral graphite

This is an intermediate graphite morphology with
mechanical properties similar to spheroidal irons but
without the same susceptibility to shrinkage. Coral
graphite forms in pure Fe-C-Si alloys with
S < 0.001%. A low S content is essential for
optimum mechanical properties. The composition
and structure can be achieved by normal desulph-
urization followed by rapid solidification as, for
example, in permanent moulding. As the name
implies, the graphite occurs as fibres with roughly
round cross-sections. It is irregularly branched and
joined to form a highly convoluted and interconnec-
ted network that has been compared to the fibrous
Al-Si eutectic.

Electron microscopical studies™ suggest that the
internal structure of the fibres consists of sheets of
graphite wrapped round the fibre axis to give irregular
scrolls. The graphite is pictured as growing in a

Figure 3.21 The graphite-iron-liquid interface illustrating
scrolled and conical forms of fibrous graphite in coral
irons (after ref. 72)

coupled manner with austenite as shown in Figure
3.21. The irregularity of the structure suggests that the
interface must fluctuate considerably, probably as a
result of a tendency for one phase to overgrow the
other. Somehow this profile forces the graphite to be
wrapped upon itself in such a way that it combines the
rapid ‘a’ growth direction with a reduced surface
area: volume ratio. The structure does not occur in
the presence of S because this element hinders the
bending of graphite sheets.

Minkoff and Lux® have suggested a different
growth model based on structural observations made
in Ni-C-B alloys™. They confirm that graphite basal
planes are approximately parallel to the local fibre
axis, but suggested that the centre of a coral graphite
crystal corresponds to an ordinary flake from which
layers of graphite wrap round the centre in scroll form
by unstable growth. An example of this is shown in
Figure 6.21 in Chapter 6. The Si in the pure Fe-C-Si
eutectic acts in a similar way to B in Ni-C alloys and
accumulates ahead of the dislocation growth step on
the (0001) interface. This creates constitutional under-
cooling that unstabilizes the step, thus creating
elongated promontories. The step promontories can
traverse the crystal edge because a large solute super-
saturation exists in these regions. It is suggested that
coral graphite does not form in commercial irons
because adsorbed S reduces interface undercooling
and neutralizes the effect of Si which promotes under-
cooling.

Compacted graphite

This intermediate graphite morphology has been
studied extensively recently®** because its technologi-
cal importance has been realized” and production



methods defined®’. Scanning electron microscopy of
deeply etched irons with insufficient spheroidizing
agent or spheroidizing and anti-spheroidizing agent
present has shown that the graphite is interconnected
within the eutectic cell but that growth occurs in the
‘¢’ direction as well as the ‘a’ direction. Compacted
graphite grows with at least one branch in direct
contact with the liquid. The cell morphology is similar
to that of flake iron, but the mode of growth differs as
depicted in Figure 3.15. The compacted graphite can
remain in contact with the liquid or may be encap-
sulated in the austenite shell.

The compacted graphite eutectic cell has been
shown to develop from a flake or, in the presence of
higher spheroidizing element concentration, by the
degeneration of small spheroids®. The minor element
balance in compacted irons is such that it will
influence the mushy zone configuration as shown in
Figure 3.17. This creates liquid channels conducive to
the development of the interconnected compacted
structure.

Compacted graphite occurs all too frequently in
heavy section spheroidal iron castings. It has been
suggested that even with sufficient spheroidizing agent
present, the very slow cooling rate can result in
incomplete austenite shell formation around
spheroids and that thermal currents can dissolve a
portion of the austenite shell exposing the graphite to
the liquid”®. Clearly, the successful growth of
compacted graphite requires a balance between flake-
promoting elements, such as S and O, spheroidizing
elements, such as Mg, Ce and La, and anti-spheroidiz-
ing elements, such as Ti and Al

Subramanian et al'®'® have quantified these
effects in terms of a ‘graphite morphology control
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Figure 3.22 Morphology control diagram (after ref. 100)
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diagram’. They demonstrated its use in programming
alloy treatment additions for a given iron base com-
position. The diagram relates quantitatively the
soluble concentrations of S and O to residual con-
centrations of each of the reactive elements Mg, Ce
and Ca. The diagram shown in Figure 3.22 is for an
iron containing 3.5% C and 2.0% Si at 1500°C and
atmospheric pressure.

The graphite morphology can be related quan-
titatively to soluble impurity concentration in castings
that solidify with a small graphite interface under-
cooling (flake and compacted irons) when impurity
adsorption on the interface controls graphite growth.
The diagram identifies the advantage of Ce over Mg
in obtaining the end point of S and O appropriate to
the compacted graphite morphology. The extensive
solubility of the rare earths in iron makes it possible
to obtain a wide range of O and S potentials. Thus O
and S levels giving intermediate graphite structures
are more easily attained with Ce.

Deviations from predictions based solely on the
diagram occur in thin section castings. In these,
growth undercoolings are much larger and growth
normal to the basal plane predominates over growth
from the prism plane thereby increasing the number
of spheroids and introducing section sensitivity. The
formation of cementite must be avoided at these
larger undercoolings. Other factors, including the use
of alloy additions to adjust the graphitizing potential
and the provision of more heterogeneous nuclei, must
be considered in providing the driving force for
graphite formation.

Recently Hrusovsky and Wallace™ have stressed
the importance of free S and O in solution in control-
ling graphite morphology. The equation:

AS = final %S — 0.34% rare earths
— 1.33% Mg

was used to express the effect of residual Mg, rare
earths and S content on graphite morphology. For
Mg and rare -earth-treated irons, compacted
structures with <20% spheroidal graphite were
obtained with AS between —0.0150 and —0.0225.
This range is too narrow for the consistent production
of compacted irons. The addition of anti-spheroidiz-
ing agents Ti and Al extended the range. Ti contents
>0.1% expanded the AS range for compacted irons
to —0.0155 to —0.0420. Al additions in excess of
0.35% expanded the range to —0.0006 to —0.350.
Additions of Zr and Sb did not produce compacted
irons. Sb produced degenerate forms of graphite.

102

Degenerate graphite morphologies

This type of graphite structure is frequently detri-
mental to iron properties and precautions must be
taken to avoid its formation.
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Figure 3.23 Schematic representation of the growth
patterns of chunky graphite, an intermediate form and
spheroidal graphite

Chunky graphite is an intermediate graphite form
and one of a sequence of degenerate structures
produced as a result of constitutional undercooling
ahead of the graphite liquid interface (see Figure 1.12¢
in Chapter 1). Scanning electron microscopy has
shown that chunky graphite is interconnected,
frequently branched and composed of clustered
pyramidal segments'® %, The spiral growth of the
basal plane at the end of the graphite segments is
clearly revealed. A schematic picture of the growth
pattern is shown in Figure 3.23.

Chunky graphite occurs in compacted irons when
overtreated with rare earths. It is the most frequently
encountered form of degenerate structure in large
section spheroidal irons. It is usually found in the
thermal centre of such castings. The short diffusion
distances between branched arms in chunky graphite
can promote the formation of ferrite with a further
degradation in mechanical properties.

The most common cause of chunky graphite
formation is an excessive concentration of rare earths
in the liquid iron. Whilst there are advantages in the
use of rare earths for producing spheroidal irons, a
balance must be achieved between the beneficial

effects of rare earths, subversive elements (Sb, Pb, Bi
etc.) and the detrimental effects of excessive rare
earths. High spheroid count reduces the tendency for
all types of degenerate graphite formation.

Chunky graphite is more prevalent in irons with a
high C.E.V. (>4.3). For a given C.E.V., a final
relatively high Si content improves graphite spheroid-
ization. Chunky graphite, often associated with
higher Si contents, only appears if the Si results from
Fe-Si-Mg additions and/or over inoculation'®,
Increasing the solidification rate through the use of
chills and avoiding hot spots at feeder connections
further reduces the tendency for chunky graphite
formation.

Exploded graphite and variations termed flower
leaf and snow flake are further examples of degenerate
spheroidal structures. They are growth forms
resulting from interface instability. They display
columnar, branching crystals of a length considerably
greater than the radius of the graphite spheroid from
which they grow'®’. Exploded graphite occurs in irons

Figure 3.24 Schematic representation of the growth
features of different forms of exploded graphite



that have been overtreated with rare earths or irons of
hypereutectic composition that exhibit graphite
flotation. The growth characteristics of different
forms of exploded graphite are represented schematic-
ally in Figure 3.24.

Degenerate flake graphite forms result in a con-
siderable loss in mechanical strength. Widmanstétten
graphite is a degenerate flake form in which fine
needles or sheets of graphite are arranged in a regular
pattern to the side and at the ends of otherwise normal
flake graphite (see Figures 6.15—6.18 in Chapter 6).
This growth form is found in irons containing Pb and
H (ref. 108). A small concentration of Al which
promotes absorption of H by reaction with moisture
in the mould or environment also produces Widman-
stitten graphite in irons containing Pb. More
extensive Widmanstétten graphite formation occurs
in alloy irons. Mesh graphite is another undesirable
flake form that occurs in the presence of Te and can
be associated with the excessive use of Te mould or
core wash'®.

The coupled zone concept

Unexpected features of grey iron solidification include
the formation of primary austenite dendrites in irons
of eutectic and slightly hypereutectic composition and
the formation of an austenite halo around primary
Kish graphite. These structures can be rationalized in
terms of the coupled zone. This zone defines the sol-
idification conditions under which two eutectic phases
can grow at a common interface at a rate that exceeds
that of either of the component phases separately. The
shape of the coupled zone is determined by the growth
characteristics of the two phases and the solidification
conditions.

Figure 3.25 shows typical zone shapes for
isothermal growth (G = 0) and illustrates the
influence of growth behaviour on zone shape. A
symmetrical zone forms when both phases grow in a
non-faceted manner. An asymmetrical zone forms
when one phase shows non-faceting and the other
faceting behaviour. Figure 3.26 shows how the zone
shape changes when growth occurs with a positive
temperature gradient in the liquid. Temperature—
growth velocity relationships are given in the figures
and can be used to locate the zone boundaries. The
procedure is to define the temperature-growth
velocity relationship for a and 8 phases and for the
a—f eutectic. The preferred growth form at any
velocity is the one with the highest growth tem-
perature. For the alloy composition Cj it is given by
the solid lines on the temperature—growth velocity
curves. This analysis is repeated for different com-
positions when the coupled zone boundaries can be
defined.

Growth temperature measurements suggest that
the eutectic phase follows a relationship of the form:
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Figure 3.25 Typical coupled zone shapes for (a) normal
eutectic alloys; (b) anomalous eutectic alloys; for
isothermal growth conditions (G = 0)

AT, = Kl"”2 = T: - T, (3.6)

and is independent of G for normal eutectics but not
for anomalous eutectics. The relationship for non-
faceting, dendritic primary phase growth is of the
form:

GD

ATy = -+ K" = T -7, (3.7

The eutectic and primary phase interface tem-
peratures, T;, are equal at the coupled zone boundary,
consequently:

GD
h-T; = - T K, — KW
However from the phase diagram:

I — Ty = mAC

where m is the liquidus slope and AC measures the
half width of the coupled zone. Therefore:

m

AC = L |:GTD + (K, — Kl)v”2:| (3.8)
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Figure 3.26 The coupled zone and temperature—growth
velocity relationship for (a) normal eutectic alloys; (b)
anomalous eutectic alloys for a positive temperature
gradient in the liquid

Cast irons belong to the anomalous group of
eutectics. The a phase half width is negative for an
asymmetrical coupled zone. This occurs when K| in
Equation (3.8) is large. Experimental measurements
have shown that the undercooling of anomalous
eutectics can be several orders of magnitude greater
than that of a normal alloy. A second requirement is
a large f phase half width. This requires a large value
of K, for the f§ phase. This is the faceting phase in an
anomalous system. It may adopt different mor-
phologies, depending on the solidification conditions
and melt purity. Consequently, it is not surprising
that very few growth temperature—velocity relation-
ships have been measured for faceting primary
phases.

In an attempt to provide a quantitative analysis for
cast irons Kurz and Fisher'"’ have considered the
faceting phase to grow as a plate and have derived
growth curves for needle (dendritic) and plate forms.
They conclude that the undercooling for both mor-
phologies can be described by the equation:

D
AT = GT + K

(3.9)
and suggest that for austenite needles K; =
17.6 K s> mm~"% and w = 0.46. For graphite plates
Ky = 932K s**?mm™%2 and w = 0.32.
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Figure 3.27 Interface growth temperature as a function of
growth velocity for different primary phases and mor-
phologies in a Fe—4.27 weight% C alloy; ——, G = 0;
—-—, G = 100°C/cm (after ref. 110)

Figure 3.27 shows the growth curves calculated for
isothermal growth and for G = 100 K/cm. Recently,
Jones and Kurz'' have measured dendrite tip and
eutectic interface temperatures in an Fe-C alloy
(4.8 wt % C) and used this data in Equations (3.6) and
(3.9) to predict the coupled zones for grey and white
iron solidification for G = 70K/cm as shown in
Figure 3.28. The value of K, in Equation (3.6) for the
flake eutectic was 102 K s**mm~"2. An asymmetrical
coupled zone is predicted for the graphite system and
a symmetrical zone for the carbide eutectic. This is
because this alloy displays a more regular eutectic
structure and the K; values for austenite needles and
cementite plates both exceed the K, value for the
Fe-Fe,C eutectic.

The solidification of grey flake irons of various
compositions can be related to the coupled zone using
Figure 3.29. A eutectic alloy undercools to point 1
when nucleation occurs. The location of point 1
depends on the solidification conditions and the
heterogeneous nucleants present in the liquid.
Austenite is more easily nucleated than graphite and
at location 1, outside the coupled zone, the austenite
growth rate exceeds that of the eutectic and that of
graphite. Consequently, austenite dendrites will
develop in the liquid. They will enrich the interden-
dritic areas in C until graphite nucleation occurs at
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Figure 3.28 The coupled zone in directionally solidified
Fe—C alloys with G = 70°C/cm. (a) Velocity-composition
plot showing calculated boundaries and experimental
points; (b) Temperature-composition plot with superim-
posed phase diagram; A, Fe—G coupled zone; N, Fe-
Fe,C coupled zone; Region 1 shows y austenite dendrites
and G eutectic; Region 2 shows G plates and G eutectic;
Region 3 shows y austenite dendrites and Fe;C eutectic;
Region 4 shows Fe,C plates and Fe,C eutectic (after ref.
111)

point 2. Because this point lies inside the coupled
zone, the austenite graphite eutectic forms.

The solidification of a hypoeutectic alloy
commences with the nucleation of austenite at point 1
in Figure 3.29. As the austenite dendrites develop
during cooling, the interdendritic liquid is enriched in
C until graphite nucleates at point 2. This event moves
the liquid composition into the coupled zone where
the eutectic will form. With a hypereutectic iron,
primary graphite solidifies at point 1. Growth of the
graphite phase during cooling causes liquid close to
the primary phase to become depleted in C. This
localized depletion results in liquid of less than
eutectic composition. In this liquid austenite nucleates
at point 2 and grows rapidly as a halo surrounding the
primary graphite.

The growth of the austenite halo along with the
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Figure 3.29 The cooling of irons with different C
equivalents using the coupled zone concept (a) an iron of
eutectic composition; (b) a hypoeutectic iron; (c) a hyper-
eutectic iron

accompanying segregation of C returns the com-
position into the coupled zone. Eutectic solidification
follows in the same manner as in a liquid of eutectic
composition. Figure 3.28 shows that the coupled zone
for white irons is symmetrical. Therefore a completely
eutectic structure forms over a wider range of solidi-
fication conditions. Spheroidal irons form a divorced
eutectic with the graphite and austenite phases solidi-
fying independently. The spheroidal iron eutectic
grows with a larger undercooling than flake iron. The
absence of a coupled zone is attributed to the eutectic
growth curve not cutting the austenite growth curve.
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Primary cast iron solidification
structures

An overall picture of the primary solidification
structure of a cast iron can only be obtained when the
collective effect of changes in the individual events,
described in the previous section, is considered. A
cooling curve has the ability of recording and identify-
ing all the events that occur in the solidification
process and offers the opportunity of evaluating the
effect of changes made by the foundryman on the
primary solidification structure.

The major element content (C, Si, Mn, S etc.),
nature of the original melting charge, melting method
and liquid metal treatment produce a liquid iron of a
certain graphitization potential and with a base
nucleation level'*'"®. The solidification of this iron
without inoculation or spheroidizing treatment may
be considered in relation to the cooling curve defined
in Figure 3.1. The first solidification event is the
nucleation and growth of austenite dendrites
commencing at temperature TAL. The volume
fraction of dendrites is determined mainly by the
C.E.V. although other factors also influence the
dendrite network characteristics. The second signifi-
cant event is the nucleation of eutectic at TES. The
location of TES and that of TEU depends on the
nucleation level in the liquid. It has been shown that
if the melt is uninoculated the most effective nucleant
for graphite is MnS particles'"*'"*. Thus, the Mn:S
ratio is of significance.
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Figure 3.30 Effect of S and Mn on the cooling curve of an
uninoculated grey iron of composition 3.4% C, 1.9% Si,
0.07% P (after ref. 115)

Table 3.1 The influence of inoculation on nucleation and un-
dercooling in a flake iron (after ref. 89)

Inoculant % CaSi 0 0.05 0.1 0.2
Eutectic undercooling °C 24 15 4 2
Cell count/cm? 55 108 160 215

Table 3.2 The influence of cooling rate on the nucleation
and undercooling in a flake iron (after ref. 89)

Cooling rate °C/min 60 120 200 375
Eutectic undercooling °C 12 14 18 22
Cell count/cm? 57 75 94 113

The effects of the inoculation of liquid iron are
evident from the cooling curves in Figure 3.30. There
are few MnS particles when the Mn:S ratio is high;
the Mn and S are unbalanced and the iron is poorly
inoculated. Both TEU and TER are low and the
graphite flakes are Type D. Decreasing the Mn:S
ratio increases the number of nuclei (cell count). TEU
and TER also increase and the flake morphology
gradually changes to Type A. However, the lowest
Mn:S ratio leaves free S in the liquid, which promotes
undercooling and, in this iron, white iron formation.
Inoculation raises the nucleation level and increases
all the eutectic temperatures defined in Figure 3.1 to
an extent depending on the amount and type of
inoculant. It also promotes Type A graphite
structures''®. This effect is illustrated in Table 3.1.

On the other hand, as indicated in Table 3.2,
increased cooling rate raises the nucleation level but
lowers the cooling curve temperatures, as shown in
Figure 3.31. The graphite morphology in a flake iron

Slow cooling
grey iron

Faster cooling
mottled iron

Fast cooling
white iron

Stable eutectic

TES

Metastable

eutectic

Temperature

Interceilular carbide
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Figure 3.31 Schematic representation of the effect of
cooling rate on the cooling curve and structure of cast
irons



will change to Type D with a moderate increase in the
cooling rate. Further increase leads to the iron being
chilled below the Fe—Fe,C eutectic temperature. This
will occur at the surface of a casting where white iron
forms. This liquid is undercooled significantly with
respect to the graphite eutectic temperature and the
graphite eutectic can nucleate and grow. The latent
heat associated with these events raises the tem-
perature of the remaining liquid above the Fe-Fe;C
eutectic temperature. The liquid solidifies grey, thus
producing a mottled iron.

Total chill occurs with a rapid cooling rate (see
Figure 3.31). The liquid iron cools rapidly below the
Fe-Fe,C eutectic temperature at a rate sufficiently
fast to prevent recalescence raising the temperature
above the metastable eutectic temperature. The
tendency for chill increases as the C.E.V. decreases
because the volume fraction of eutectic liquid and,
hence, the latent heat evolved, decreases. Thus,
additions in the form of moderate amounts of O and
S in irons with a high Mn:S ratio reduce the under-
cooling for graphite nucleation and increase cell count
by more efficient heterogeneous nucleation.
Inoculants have a similar effect. On the other hand,
additions of greater amounts of S, N and several
minor elements combined with an increased cooling
rate increase cell count, but with an increased under-
cooling. This is due to the generation of constitutional
undercooling by the solute additions and to thermal
undercooling at the increased cooling rates. If this
undercooling is extensive, metastable carbide forms.

The effect of minor elements Bi, Te and Ce on the
cooling curve of a grey iron is shown in Figure 3.32.
The cooling curve for Ce additions to an iron
containing S illustrates the considerable change in
solidification pattern that can occur when solute in-
teractions take place in the liquid. Similar effects have
been illustrated recently in a study of the effect of Ti
additions of up to 0.4% on the structure and
properties of ferritic and pearlitic flake irons'”"%, Ti
first removes N from solution producing TiN or
Ti(CN). This influences the nucleation and growth of
primary austenite. Any Ti addition in excess of that
used to remove N interacts with S in the liquid iron
and reduces the amount of free S in solution. This
reduces graphite eutectic nucleation efficiency by in-
troducing less effective TiS substrates and by
increasing the graphite liquid interfacial free energy.
At a fixed cooling rate the reduced nucleation results
in a higher growth velocity at a lower TER and a finer
graphite structure. The influence of cooling is additive
to these effects such that in medium sections (150 mm)
undercooled graphite was readily obtained. However,
coarse flake structures were found with low cooling
rates in heavy sections (330 mm). Hydrogen acts in a
similar way to S and any effect of H can be offset by
Ti. Likewise, bubbling CO, through the melt
eliminates H. A combined CO,/Ti treatment
produces undercooled graphite.
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Figure 3.32 The influence of minor elements on the
cooling curve and structure of a grey iron (a) The effect of
Te; Curve 1, base iron; type A graphite. Curve 2, base
iron; inoculated; type A graphite. Curve 3, base iron;
inoculated; 0.01% Te; type D and mesh graphite, Curve 4,
base iron; 0.01% Te; carbides, type D and mesh graphite.
(b) The effect of Bi; Curve 1, base iron; type A graphite.
Curve 2, base iron; inoculated; type A graphite. Curve 3,
base iron; 0.025% Bi; type D graphite. Curve 4, base
iron; 0.05% Bi; type D and mesh graphite. (c) The effect
of Ce; Curve 1, base iron; type D graphite. Curve 3, base
iron; 0.05% Ce; mostly white iron. Curve 4, base iron;
0.05% Ce; 0.029% S, type A graphite (after ref. 115)

The chilling tendency may be increased or
decreased by adjusting the graphitization potential in
the liquid. This is achieved by alloying, which
influences the two eutectic temperatures. This
influence is concentration-dependent as shown in
Figure 2.34 in Chapter 2. The behaviour indicated in
Figure 3.33 is for the normal solute concentrations
used in cast irons.

Graphitizing elements increase and decrease the
graphite eutectic temperature and carbide eutectic
temperature, respectively. Carbide stabilizers
decrease the graphite eutectic temperature and
increase the carbide eutectic temperature. Some
elements (Mo, Mn) move the eutectic temperatures in
the same direction and should have little effect on
chilling tendency. This is evident for Mo in Figure
3.33, but not for higher Mn contents. This is due to
higher Mn:S ratios which lead to less efficient graphite
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Figure 3.33 (a) The influence of alloying elements on the
stable Fe-G and metastable Fe-Fe,C eutectic tem-
peratures. (b) The effect of alloying elements on the chill
depth in alloys containing 3-3.3% C (after ref. 124)

nucleation and a greater chilling tendency, as shown
in Figure 3.30.

The conditions governing the occurrence of chill in
castings has been examined by various authors®' %',
This discussion has concerned carbide formatlon
early in the solidification process. However, the tem-
perature of the remaining liquid falls towards the end
of eutectic solidification and, if it should fall below the
metastable eutectic temperature as indicated in Figure
3.31 for a moderately high cooling rate, carbides will
form in intercellular regions.

Alternatively, segregation that accompanies solidi-
fication, particularly in heavy section castings, can
promote intercellular carbide formation. Carbide sta-
bilizing elements segregate to cell boundaries, whereas
graphitizing elements segregate away from these
areas'”. Consequently, as shown in Figure 3.34, there
is considerable change in the two eutectic tem-
peratures in the intercellular regions due to segrega-
tion effects. Conditions conducive to carbide
formation are generated.
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Figure 3.34 Schematic representation of the effect of alloy
segregation on eutectic solidification showing the
conditions that lead to intercellular carbide formation

It is important to realize that carbide formation
occurs for different reasons and remedies are
different'®. Raising the level of graphitizers in the
iron is effective in reducing chill. However, it is not
necessarily the best method of avoiding intercellular
carbides because graphitizers segregate away from the
cell boundaries. A more effective solution is to reduce
the level of carbide stabilizers, particularly those that
segregate strongly. In addition, it is advisable to
reduce the degree of segregation by increasing the rate
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Figure 3.35 Cooling curves of spheroidal, compacted and
flake graphite irons of the same base composition and
poured from the same temperature (after ref. 126)



of solidification and to shorten diffusion distances by
reducing graphite interparticle distances.

Phosphide formation occurs in intercellular regions
due to the strong segregation of P during solidifica-
tion. Irons with P > 0.02% can generate liquid inter-
cellular films of composition approaching the ternary
Fe-2% C-7% P eutectic composition.

The previous sections have shown that when
increasing amounts of spheroidizing agent are added
to a grey iron, a gradual change in the graphite
morphology occurs from flake through various inter-
mediate forms to spheroidal. Each morphology has
been associated with a different growth undercooling.
The difference in solidification events are reflected in
the different shapes of cooling curves for flake,
compacted and spheroidal irons shown in Figure 3.35.
Whilst the properties of compacted irons are inter-
mediate between those of flake and spheroidal, this is
not true of their solidification behaviour'?*'%.

The nucleation conditions in a compacted iron are
similar to those of a flake iron. Although the
chemistry of the nuclei may differ, cell counts are only
slightly higher in a compacted iron compared to a
flake iron produced from the same base iron. Growth
conditions just below TES are unfavourable. The low
cell count and the fact that easy growth in the ‘a’
direction is neutralized and growth in the ‘c’ direction
is slower means that little latent heat is evolved and
the liquid continues cooling to a low TEU tem-
perature. As the temperature falls towards TEU,
growth accelerates, resulting in a rapid and large
recalescence to an undercooling intermediate between
that for flake and spheroidal growth.

The nucleation conditions for spheroidal iron are
different. The greater concentration of spheroidizing
agent results in interaction with solutes in the liquid
and contributes to nucleation by providing a range of
heterogeneous nuclei that results in a considerably
increased cell count. The growth conditions are un-
favourable just below TES but bulk solidification will
commence earlier because of the increased number of
nuclei. Thus, TEU is higher than in a compacted iron
and the recalescence considerably less. The TER tem-
perature is lower than in compacted irons in keeping
with the greater growth undercooling required for
spheroidal growth.

The TEU temperature indicates the susceptibility
of an iron to chill. Figure 3.35 shows that compacted
irons are susceptible to chill. This chilling tendency in
thin-section compacted iron castings cannot be
overcome successfully with FeSi post inoculation.
Although nucleation is improved sufficiently to
prevent carbide formation, the number of graphite
spheroids is increased to an unacceptable level. An
addition that increases the graphitization potential
without enhancing nucleation is required. Small
additions of Al have been shown to have this
effectlZvaIZ'/.
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Thermal analysis as a quality control
test

The relationship between cooling curve characteris-
tics and sample microstructure has been studied suf-
ficiently for the former to be used to predict the latter.
This provides a range of quality control tests that can
be applied rapidly at any stage of liquid iron prepara-
tion in the foundry.

Principles of thermal analysis applied to cast
iron composition determinations — the
eutectometer, tectip, BCIRA carbon calculator

The C.E.V. of an iron (%C +(%Si + %P)/3) is a
means of expressing the influence of Si and P on the
eutectic composition in terms of the effect produced
by C. A grey iron is hypoeutectic if its C.E.V.is <4.25
and hypereutectic if its C.E.V. is > 4.25. The corres-
ponding C.E.V. for the white iron eutectic is 4.30. The
C.E.V. cannot be measured. However, it can be
calculated from a knowledge of the iron composition.

A second equivalent formula, the C.E.L., the
carbon equivalent liquidus, measures the influence of
Si and P on the hypoeutectic liquidus in terms of the
effect produced by C. The C.E.L. is given by:

%Si N %P
4 2

Extensive measurements have shown that a rela-
tionship exists between the austenite arrest tem-
perature, TAL and C.E.L."®'®. The relationship

128 &,

suggested by Moore = is:
TAL = 1664 — 124 C.E.L. where TAL is in °C.

Thus, measurement of TAL affords a rapid means of
compositional quality control for hypoeutectic irons.

However, the C.E.L. does not define alloy com-
position completely or uniquely and changes in com-
position producing changes in iron characteristics
may not change the C.E.L. value. For example, the
considerable effect of minor elements has been illus-
trated in the previous section. A compositional
change from 3.2% C, 2% Si,0.1% P10 3.3% C, 1.6%
Si, 0.1% P does not change the C.E.L., but it does
increase the chilling tendency.

The C content of an unalloyed grey iron with a
C.E.V. < 4.30 can be measured to within +0.1% by
solidifying a small sample as a white iron in a Te-
coated crucible (Tectip) and measuring TAL and the
white iron TEU is well defined with recalescence
< 1°C. The crucible coating does not influence the
eutectic arrest is difficult to detect because of recale-
scence. The extent of recalescence depends on the
minor element content and nucleation level as illus-
trated in the previous section.

The cooling curve in Figure 3.36 shows that the

CEL. = %C +
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Figure 3.36 Cooling curve of a grey and white iron; Grey
iron, 3.07% C, 1.35% Si; White iron, 3.07% C, 1.35% Si,
0.01% Bi

white iron TEU is well defined with recalescence
< 1°C. The crucible coating does not influence the
TAL value. The liquidus and eutectic arrest tem-
peratures are composition dependent according to the
equations:

TAL = 1650 — 124.5(% C)

— 26.7(% Si + 245% P) °C
TEU = 1140 — 9.8(% C)

— 12.1(% Si + 245% P) °C
Hence
%C = 0.01693 TEU — 0.00796 TAL — 6.05

(3.10)

The Si content can be estimated to within +0.14%
in irons of low P content. The relationship in
Equation (3.10) is valid over a specific composition
range, namely 3.05-3.76% C, 0.61-2.88% Si and
0.01-1.9% P (ref. 129). Booth'** has examined the
influence of C, Si, P, S, Mn, Ni, Cu, Cr and Sn on the
TAL and TEU arrests. He shows that Sn influences
the TAL and Sn and Cr influence the TEU arrest such
that if Cr > 0.1% and Sn > 0.05%, Equation (3.10)
must be modified. The use of S-rich Te-coated
crucibles allows C determinations to be made in
spheroidal irons. The S neutralizes the effect of Mg
and allows Te to promote white iron solidification.

Carbon calculator apparatus, in which the process
of arrest point determination is fully automated to the
extent that the user simply reads the C.E.L., %C and
%381, is now marketed. Although this method of com-
positional analysis is in constant use, several experi-
mental studies’®'* suggest that the recorded
austenite TAL is a function of the liquid iron
condition. To this end it has been suggested'* that the
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Figure 3.37 The relationship of temperature of the
austenite liquidus to C.E.L. according to: curve 1,
Equation (3.11); curve 2, Equation (3.12); curve 3,
Equation (3.13); curve 4, Moore’s equation

following equations can be used to represent three
different conditions of melting. In these equations
TAL is expressed in °C.

TAL = 1569 — 97.3 C.E.L.

for melting under deoxidized argon at temperatures
below 1454°C (3.11)

0246 8 10 Degree of oxidation

2110

2090 |-

Liquidus temperature °F

2070 ,
40 42 44

Carbon equivalent

Figure 3.38 Experimental points showing @ deviations
from Equation (3.11) during a period of high oxidation
during melting; O melting under normal conditions (after
ref. 140)
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parameters calculated from a cooling curve (after ref. 141)

TAL = 15944 — 102.2 C.E.L.

for melting under oxidizing conditions (3.12)
TAL = 1540 — 92.06 C.E.L.
for melting under deoxidized argon at tem-  (3.13)

peratures > 1454 °C

The relationship due to Moore'* and Equations
(3.11) to (3.13) are shown in Figure 3.37. Although
there is overlap and some agreement at intermediate
C.E.L. values, there is disagreement between
relationships 1 and 4 in Figure 3.37 over the C.E.L.
corresponding to malleable and grey and spheroidal
irons. The deviation of the measured TAL from that
given by Equation (3.11), used as a reference, has
proved a valuable tool in measuring the degree of
oxidation of malleable, spheroidal and grey liquid
irons'?.

Typical measurements for an induction melted
spheroidal iron over a period of relatively high
oxidation and one of more acceptable levels are
shown in Figure 3.38"?. These differences represent
differences in charges and melting practice, for
example, changes in the per cent returns charged, melt
temperature, preheat temperature, type and quality of
additives and of the scrap used. The deviations are
measured either as the degree of change in TAL, that
is, the difference between the measured TAL and that
calculated using the chemically analysed C.E.L. and
Equation (3.11), or as AC.E.L., defined as the
difference between the chemically determined C.E.L.
and the effective C.E.L. as determined from the
liquidus measurement. .

Changes in TAL reflect changes in the activity of C
and Si in the liquid iron. Dissolved oxygen, which

Solidification of cast irons 119

results from higher superheating temperatures and
holding times, melting in air and rust steel, reduces C
and Si activity and with Bi additions makes C.E.L.
more negative. Al, Ti and C additions have the
opposite effect.

Movements in AC.E.L. are indicators of potential
casting defects. Frequently large positive values of
AC.E.L. indicate mottle in malleable iron'*®. Large
negative deviations correlate with increasing chill in
spheroidal or grey irons. Increased austenite
formation occurs with increasingly negative AC.E.L.
at constant C.E.V.. This promotes spiking which

leads to feeding difficulties'’.

Tests based on the shape of the cooling curve

Several tests have been suggested for predicting iron
type and quality based on the shape of the grey iron
cooling curve. A plain tectip is used for measurement
and conditions must be standardized for reproducible
results'" ' Figure 3.39 is a predictive diagram
relating undercooling and recalescence with micro-
structure. It enables spheroid count and quality to be
assessed. The diagram shows that for a given eutectic
recalescence the spheroid quality (nodularity)
increases as the eutectic undercooling increases. This
is followed by a sharp transition to a carbide
structure. The spheroid count is strongly dependent
on the eutectic recalescence. A similar prediction
chart can be drawn up on the basis of time rather than
temperature parameters from the cooling curve.

A more simple analysis'*® has shown that iron type
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Figure 3.40 Percentage carbide in castings as a function of
the TEU value determined from the cooling curve. A,
0.025in. thick, 1.751b. weight; B, 0.25in. thick, 1.161b.
weight; C, 0.19in. thick, 0.701b. weight (after ref. 140)
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Figure 3.41 The relationship between recalescence and
relative eutectic undercooling for different graphite mor-
phologies (a) > 85% compacted graphite; (b) 50-85%
compacted graphite; (c) > 85% spheroidal graphite; (d)
flake graphite (after ref. 147)

can be predicted with slightly over 80% confidence,
based on the eutectic growth temperature, TER.
Growth temperatures in the range 1130-1135°C were
associated with good spheroidal structures in Mg-
treated irons. A method that compares selected
regions of the cooling curve with a superimposed
visual rating chart, so avoiding the measurement of
temperatures and times, has been proposed'®. Figure
3.40 shows measurements taken in practice'®. The
minimum TEU value permissible in the tectip before
carbides formed in spheroidal iron castings of
different weights and thickness is shown. Thermal
analysis measurement made just before a carbide-
sensitive casting is poured can be used with the chart
to determine whether carbide formation will be a
problem and, if so, allows time for corrective liquid
metal treatment. For example, castings A and B will
run free of carbide if TEU is 1143 °C but casting C will
run with about 5% carbides unless the liquid is treated
to raise TEU to > 1145°C.

Backerad, Nilsson and Steen'®’ have shown that
flake, spheroidal and compacted morphologies can be
distinguished using a plot of rate of recalescence
against undercooling (TER-TEU) derived from
tectip cooling curves. This is shown in Figure 3.41.
Compacted structures relate to points higher on the
curve. Flake and spheroidal structures relate to points
lower on the curve. Flake and spheroidal structures
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Figure 3.42 Correlation between eutectic recalescence tem-
perature TER and AT = TER — TEU; (a) La- and Ce-
treated irons; (b) rare earth silicide-treated irons; A,

2 85% compacted graphite; < 9% carbides; B, <85%
compacted graphite; irregular graphite; 9-27% carbides;
C, flake graphite; D, compacted graphite; > 20%
spheroidal graphite; 0-21% carbides; E, irregular graphite;
9-27% carbides; F, irregular graphite; 27-38% carbides;
G, very irregular graphite; > 38% carbides (after ref. 148)

can be distinguished because there is a 15 to 20°C
difference in the absolute growth temperature of these
structures. An independent study'® has shown that
graphite morphology is related to the eutectic recal-
escence (TER-TEU) in alloys of eutectic and slightly
hypoeutectic composition. Recalescence values
greater than a critical value indicate compacted
graphite. Lower values indicate flake or spheroidal
graphite as shown in Figure 3.42. Some exceptions
were found to this classification which were not
explained.

The recent introduction of computers into the
foundry has made possible more detailed analysis of
the cooling curve'® ', One procedure has already
been illustrated in Chapter 1, Figure 1.26. Chen and



Stefanescu'” have reviewed the use of thermal
analysis as an analytical and process control tool and
demonstrated that computer-aided differential
thermal analysis (CA-DTA) is a viable method. The
neutral body in classical differential thermal analysis
is simulated with a computer data acquisition system
which also records the cooling and its first and second
derivatives. Eutectic type (white or grey) and graphite
shape (spheroidal, compacted, flake) can be predicted
relatively easily from the shape of the CA-DTA
curves. The first derivative curve can be used to
calculate the latent heat of solidification and hence,
the amount of austenite and eutectic formation.
Results obtained suggest that the graphite shape
and the C.E.V. influence the latent heat of solidifica-
tion. Predicting nodularity in spheroidal irons is more
complicated. Good correlation was identified between
critical points on the CA-DTA curves and nodularity,
but difficulties were experienced in predicting
nodularity in the region (80%) of practical interest
due to data scatter. The scatter is caused by variations
in C.E.V. and pouring temperature. The error margin
can be narrowed by statistical analysis of the data.
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Chapter 4

Solid state transformations

Introduction

The strong structure property relationships that are
the basis of cast iron technology have been
emphasized and illustrated in previous chapters. Both
solidification structures and solid state transforma-
tion structures contribute to this relationship. Various
forms of structural diagrams have been proposed for
grey and malleable irons for use as a guideline for
predicting the solidification structure'. An example is
shown in Figure 4.1. The important structural change
at low Si concentration is the liquid—solid transforma-
tion. The feature of interest is the relative nucleation
and growth rates of graphite and carbide phases. The
solid state transformation of austenite is important at
higher Si concentrations. The relative proportions of
ferrite and pearlite in cast structures are particularly
important. Cooling rate influences both transforma-
tions. Increased solidification rate favours the
metastable eutectic and increased cooling rate favours
the pearlite reaction in solid state transformations.
Structural diagrams have been produced showing the
influence of elements in solution.

Although economical advantages are to be gained
if the iron structure can be achieved during the casting
process, heat treatment is an integral part of processes
such as malleabilizing and offers advantages in others.
Heat treatment is remedial. It can be used to remove
undesirable carbides and to relieve residual stresses. It
also confers machinability and makes the realization
of the full range of mechanical properties possible (see
Figure 1.7 in Chapter 1). Heat treatment offers a
guarantee of quality by compensating for small
variations in metal composition, metal treatment and
pouring operations. In addition the matrix structure is
more consistent in castings of varying section size
after heat treatment. Indeed, some foundries cast
spheroidal irons to a single composition and use heat
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Figure 4.1 (a) Maurer structural diagram; A, white
structure; B, mottled structure; C, pearlitic structure; D,
pearlitic and ferritic; E, ferritic.(b) Laplanche structural
diagram. Cast iron structures are determined by the
graphitizing coefficient X and the degree of saturation
coefficient S.. For a cylindrical bar, 30 mm diameter,

K = 48i/3(1 — 5/[3C + Si]). S, = total C/(4.3 — 0.3Si).
S, is selected by the desired position of the alloy in
relation to (4.3 — 0.3Si) and K by the desired structure.
The intersection of the two gives the desired C and Si
contents



treatment to produce the range of grades in the speci-
fication. Heat treatment practices are described in this
chapter.

The fundamentals of heat treatment

There are three main allotropic forms of Fe, d and «
ferrite which are b.c.c. and y (austenite) which is f.c.c.
The temperature range over which these phases are
stable in a plain C steel are shown in Figure 4.2. The
y phase which formed during solidification or on
subsequent heat treatment changes its composition
according to the solubility line ES in Figure 4.2 as the
temperature falls. On further cooling below the
eutectoid temperature transformation to pearlite,
bainite or martensite is possible as indicated in Figure
4.3.

Pearlite formation is favoured by slow cooling. The
transformation begins with the nucleation of either
ferrite or cementite heterogeneously on the proeutec-
toid phase or on the austenite grain boundary. When
cementite nucleates on the boundary, the energy
barrier opposing nucleation is reduced by the
formation of an orientation relationship with one of
the austenite grains (y,) (see Figure 4.4).

A semi-coherent, low mobility interface is formed
with y,. An incoherent mobile interface is formed
with yg. This nucleation event depletes the surround-
ing austenite of C which makes ferrite nucleation
easier. The nucleation occurs adjacent to the
cementite with an orientation relationship with y,.
Repetition of these events expands the pearlite colony
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Figure 4.2 The iron carbon phase diagram for steel
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Figure 4.3 Isothermal transformation diagram

sideways along the grain boundary. The main colony
growth occurs edgewise by movement of the
incoherent, mobile interfaces into yg. This growth
process is similar to eutectic lamellar growth and is
controlled by the diffusion of C in the austenite phase.
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Figure 4.4 Successive stages (1, 2, etc.) in the development
of a pearlite colony when (a) nucleation of cementite
occurs on an austenite grain boundary; (b) nucleation of
pearlite occurs on proeutectoid cementite
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The pearlite spacing varies inversely with under-
cooling and the growth velocity varies as the square of
the undercooling’. The kinetics of the pearlite trans-
formation can be represented on a temperature, time,
transformation (TTT) curve as shown in Figure 4.3.
This details the progress of the isothermal trans-
formation by plotting the fraction transformed as a
function of time at various temperatures. The C-
shaped curve is characteristic of a nucleation and
growth process. The driving force for the transforma-
tion is small just below the eutectoid temperature
where the undercooling is low. As the undercooling
increases so does the driving force and the trans-
formation occurs more rapidly. It reaches a maximum
rate at the nose of the curve. Although the driving
force increases at temperatures below the nose, the
reaction is slowed by the lack of diffusivity of the
rate-controlling element.

In common with the eutectic reaction, the coupled
zone concept has been used to define the conditions
under which the proeutectoid phase forms, as shown
in Figure 4.5. The majority of alloying elements
displace the TTT curve to the right. This slows the
pearlite reaction and increases the hardenability. Re-
distribution of the alloying element at the austenite—
pearlite interface is a thermodynamic requirement for
growth at low undercooling when ferrite and
cementite with compositions close to equilibrium
must be formed. Carbide-forming elements Mn, Cr
and Mo partition to cementite. Ni, Si and Co
partition to the ferrite. However, below a com-
position-dependent temperature, the no-partition
temperature, pearlite growth can occur without par-
titioning at the interface. It has been suggested that
steels alloyed with Mn and Ni, which lower the
eutectoid temperature, show a no-partitioning tem-

Temperature

o (a) (b}

Composition Time

Figure 4.5 (a) Range of eutectoid transformation in a Fe-
C alloy. The shaded area is the coupled zone. (b) An alloy
of composition C, will precipitate C before pearlite in the
temperature interval 7, — T,. The transformation is
directly to pearlite at T,

Temperature

y—»Bainite

Log {time)

Figure 4.6 Schematic diagram showing the relative
positions of the transformation curves for pearlite and
bainite in plain C eutectoid steel

perature. In contrast additions such as Cr, No, Si and
Co, which raise the temperature, are forced by ther-
modynamics to partition over a wide range of tem-
peratures.

Bainite is the second transformation product and
forms between 550 and 250 °C. These temperatures
are intermediate between those for pearlite and
martensite formation. A temperature, B,, exists above
which bainite does not form. A temperature range
exists below B, in which the bainite transformation
does not go to completion. However, the retained
austenite will often transform during cooling to room
temperature. The bainite and pearlite transformation
curves often overlap on the TTT diagram as shown in
Figure 4.6. Complete transformation to bainite is only
possible, and the features on the transformation curve
are only revealed, in alloy steels, for example, in B-
containing low C-Mo steel in which Mo promotes the
bainite reaction and B retards ferrite formation.
Solute elements, C in particular, depress the B, tem-
perature. Upper bainite forms in the temperature
range 550 to 400°C and grows competitively with
pearlite at higher temperatures.

Although the two structures form by different
reactions they are difficult to distinguish microscopic-
ally. However, crystallography distinguishes the two
structures. Upper bainite forms when ferrite
nucleated at several sites on the austenite boundary
grows in lath form into the austenite grain, yg (see
Figure 4.7). A Kurdjumov-Sachs orientation relation-
ship exists between y; and the ferrite. As growth
proceeds C partitioning increases the C concentration
of the austenite until cementite nucleates and grows.
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Figure 4.7 Schematic representation of the mechanism of
formation of upper and lower bainite

Opinions still differ concerning the mode of growth.
Although there is some evidence of surface relief
effects, thermionic electron microscopy has shown
that thickening of the laths occurs by the movement
of small ledges as in the growth of Widmanstitten
ferrite.

When the transformation temperature falls below
350°C, the bainite microstructure changes from lath
to plate ferrite with a much finer carbide dispersion.
This lower bainite structure resembles tempered
martensite. The ferrite nucleates at austenite
boundaries and within the grains. The habit plane of
the plates depends on the temperature and the C
content. A distinguishing feature of lower bainite is
the growth of carbide rods within the ferrite plates.
The carbide can be cementite or e-iron, depending on
the temperature and alloy content.

An orientation relationship develops between the
carbide and ferrite which is identical to that in
tempered martensite. However, the bainitic carbide
exhibits only one variant of the relationship. As a
result the carbide forms in parallel arrays inclined at
about 60° to the ferrite plate axis. These particles
nucleate at the y/a interface and grow as the interface
advances. This suggests that the lower bainite reaction
is interface-controlled and that the precipitation of
carbide decreases the C content of the austenite. This
increases the driving force for further transformation.
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Although differences of opinion also exist concerning
this growth mode, it appears that the lower bainite
transformation is partly martensitic in character.
However, it displays several characteristics of a
diffusion controlled process. The difference in modes
of transformation of upper and lower bainite produce
different kinetics and separate C curves on the TTT
diagram.

Rapid cooling rates suppress the pearlite and
bainite transformations and promote martensite
formation as shown in Figure 4.3. Martensite
normally forms athermally rather than isothermally.
Formation begins at temperature M, which can vary
from 500 °C to below room temperature depending on
alloy content, and finishes at the M, temperature.
Occasionally all the austenite has not transformed on
reaching M;. Larger amounts of austenite are retained
in steels with low M; temperatures. Martensite forms
from austenite by a sudden shear process without a
change in chemical composition. The C which is in
solid solution in y remains in solution in the new
body-centred tetragonal structure, a distorted form of
body-centred cubic Fe.

Martensite is easily recognized by its distinctive
microstructural features. Each austenite grain
transforms by the sudden appearance of martensite
laths. The laths have a well defined habit plane which
changes as the C content increases. The laths occur on
several variants of this plane within each grain®. An
orientation relationship exists between the new
martensite lath and the austenite.

Martensite is a strong but brittle phase. It is
customary to temper quenched structures. Four
distinct but often overlapping stages occur during
tempering:

1. precipitation of e-iron carbide and partial loss of
martensite tetragonality up to 250 °C;

2. retained austenite decomposes between 200 and
300°C;

3. g-iron carbide is replaced by cementite between 200
and 300°C and

4. cementite coarsens and spheroidizes and ferrite
recrystallizes above 350 °C.

The kinetics of the basic reactions and the products of
the reactions can change in the presence of alloying
elements. For example, the phenomenon of secondary
hardening is important in producing high strength
steels.

Practical heat treatment involves transformations
during continuous cooling. Consequently, TTT
diagrams which describe isothermal transformations
are of limited use. Continuous cooling transforma-
tions (CCT) diagrams describe the progress of a trans-
formation with decreasing temperature for a series of
cooling rates. A diagram for a low alloy grey iron is
shown in Figure 4.8.

CCT diagrams identify the 4, and A4, temperatures,
the percentage transformation product and the
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Figure 4.8 CCT diagram for a low alloy Mo-Cu grey cast
iron of composition: 3.17% C, 2.0% Si, 0.75% Mn,
0.3% Mo, 0.6% Cu

hardness of the alloy (circled at the end of the cooling
curve). It is necessary to establish the cooling rate for
the section size of a casting before the diagram can be
used. When the section size varies, a conservative
estimate of structure and properties can be made
using the cooling rate at the centre of a representative
casting section. The structure of the iron in Figure 4.8
consists of austenite and graphite immediately after
solidification. Secondary graphite precipitation
occurs in the temperature range close to A4,. The
slowest cooling rates result in pearlite formation,
whereas cooling into the nose of the pearlite trans-
formation gives a mixed structure of pearlite and
bainite.

The heat treatment of cast irons

Heat treatment considerations in cast iron differ from
those in steel in several significant ways. Whereas C
content is of prime importance in selecting the aus-
tenitizing temperature for a steel, the Si content is the
significant factor for cast irons. The presence of Si
introduces a three phase region in which ferrite,
austenite and graphite coexist. This excludes
cementite from the equilibrium phase diagram. The
eutectoid temperature of a steel is expanded into a
critical temperature range. The location and size of
this range depends on the Si content as shown in
Figure 4.9 (ref. 4). The influence of the main elements
in cast iron on the critical temperature range is
indicated in Table 4.1.

The solid state transformations in a grey iron
during cooling after solidification occur in the
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Figure 4.9 Section of the Fe-G-Si phase diagram at 2% Si
(after ref. 4)

following way. Immediately after solidification the
structure consists of austenite (%C, point a in Figure
4.9) and graphite in flake or spheroidal form. The
solubility of C in austenite decreases on further
cooling. The rejected C deposits on the graphite flakes
or spheroids. On cooling below the o temperature at
a rate that enables equilibrium to be attained, more C
is deposited on the graphite. Ferrite nucleates and
grows until at point b, all the austenite has transform-
ed into ferrite and graphite.

Fully ferritic structures are more likely to occur in
heavy section castings which cool slowly. The cooling
rate in most castings leads to non-equilibrium cooling

Table 4.1 The influence of the main elements in cast iron on
the critical temperature range

Lower critical
temperature
effect per 1%

Element % Upper critical
temperature

effect per 1%

Si 0.3-35 37 increase 29 increase
P 0-0.2 220 increase 220 increase
Mn 0-1.0 37 decrease 130 decrease
Ni 0-1.0 17 decrease 24 decrease




and some pearlite formation. The pearlite content of
a grey iron is an important metallurgical parameter
which controls hardness, yield and tensile strength,
fatigue properties, wear characteristics and machina-
bility. Pearlite forms during non-equilibrium cooling
when some austenite remains on reaching the 4, tem-
perature and then transforms eutectoidally below this
temperature. Austenite retention is influenced by the
austenite C content.

Any factor inhibiting C diffusion during cooling
will increase the propensity for austenite retention
and pearlite formation. Such factors include rapid
cooling and coarse graphite structures. Si promotes
ferrite formation by decreasing the C solubility in
austenite. This promotes diffusion by increasing the
ar—A, temperature interval. Alloying additions may
be made to counter the effect of Si and promote
pearlite formation.

The ferrite in as-cast mixed structures may appear
as grain boundary or Widmanstitten ferrite or as
silico-ferrite in irons containing more than 3% Si. (See
Figure 6.40 in Chapter 6.) Perhaps the most well
known form is the bullseye structure in spheroidal
iron. The ferrite ring surrounding the spheroid may
form prior to eutectoid transformation or as a result
of cementite decomposition®.

Stress relief heat treatment

Castings are rarely free from residual stress, but its
effect on casting performance and the need for
removal depends on its magnitude and location with
respect to service stresses. Stress develops in a body
during cooling because the surface loses heat more
rapidly than the interior. This causes differential
cooling and differential contraction, which leads to
stress. However, no residual stress should remain
when the body has cooled to room temperature unless
plastic deformation occurs during cooling as a result
of the differential contraction stress.

Unfortunately, this situation occurs frequently for
several reasons. Consider a casting of uniform section
such as a plate. Once the surface regions have cooled
below 650 °C they become sufficiently rigid to support
and impose stress. At this stage heat is still lost more
quickly from the surface and the hotter central areas
can yield and relieve any imposed stress. In the later
stages of cooling when this region is rigid it will
contract more than the surface and impose com-
pressive stresses in the surface and leave the centre in
a state of tension. Both areas are unable to deform
plastically and the stresses are permanent. They can
cause buckling of the plate or cracks in the centre of
the plate. For example, a flatness tolerance of 0.1 mm
could not be maintained after machining as-cast
clutch plates made from a low alloy flake iron. These
tolerances can be achieved after stress relieving at
620°C for 2h.
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Figure 4.10 Residual stresses in castings due to (a) non-
uniform casting sections; (b) mechanical mould restraint

Thermal gradients and residual stresses can be
more pronounced in castings with non-uniform cross-
sections, as shown in Figure 4.10. This figure also
shows how restriction or restraint of the thermal con-
traction of sections of a casting by a rigid mould can
create the conditions leading to residual stress even in
castings of uniform thickness. In Figure 4.10, the
horizontal sections in a rigid mould restrict the
thermal contraction of the vertical section leading to
the residual stresses shown. Phase transformations
are accompanied by a volume change. If it occurs at
low temperature, as in martensite, it can induce
residual stress. This is a problem in high Cr-Mo
irons®.

Compressive residual stresses may be introduced in
the surface by shot peening. Thermal processes, such
as welding for fabrication or repair and surface or
through hardening, introduce residual stress.
Mechanical mishandling and heavy machining
operations can cause stresses large enough to cause
concern. Considerations at the design stage and
careful casting practice can minimize residual stresses
and avoid the need for costly stress relieving heat
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treatments. Castings which incorporate frameworks
with non-uniform sections are particularly prone to
residual stress.

Careful consideration of the form of ribbing and
the design of joints can minimize residual stress. For
example, gating through one member only of a grid of
uniform thickness can create sufficient heat to delay
the cooling of the gated member and produce residual
stress. On the other hand, gating through the thinnest
member of a grid of non-uniform thickness can
reduce the difference in cooling rate between members
and reduce residual stress.

The time and temperature of knock-out from the
mould can be used to control residual stress develop-
ment. Knock-out at a high temperature followed by
forced cooling of selected thicker sections can be used
to eliminate temperature gradients prior to cooling
below ~650°C or, alternatively, may be used to
control temperature gradients so that the residual
stresses are not harmful in service. Otherwise, slow
cooling in the mould or in soaking pits, as practised
for many years in cast roll production, may be
preferable.

The basic principle involved in stress relief is closely
related to the concept of creep. For stress relief, a
casting has to be raised to a temperature (480-650 °C)
at which it can deform plastically at low stress.
However, to maintain its strength there should not be

Table 4.2 Typical stress relieving treatments for grey cast irons

any structural change. Several factors influence the
extent to which residual stress is relieved:

. the initial severity of the residual stress;

. the stress relieving time at temperature;

. the heating—cooling cycle and

. the chemistry and metallurgical structure.

L —

In general, the higher the initial level of residual
stress, the more readily stress will be relieved. The
time-temperature relationship for stress relief is sig-
nificant as a control factor. However, the economics
of furnace capacity and operating costs invariably
favour stress relief at higher temperatures for shorter
times.

The cooling rate following stress relief treatment is
important. Rapid cooling of castings with non-
uniform sections will induce thermal gradients and
re-establish residual stresses. Therefore, it is highly
desirable that uniform cooling occurs. This is usually
achieved by furnace cooling to about 200 °C. Alloying
elements such as Mn, Cr and Mo increase elevated
temperature strength. Such irons require higher stress
relieving temperatures.

Examples of stress relieving treatments are given in
Table 4.2. Some of the factors described above are
illustrated in the practice described in Table 4.3. This
table concerns a large diesel engine cylinder block
made from flake iron containing 3.25% C, 2.20% Si

Cast iron Section Stress relief cycle
thickness
Unalloyed grey iron up to 50 mm 2h at 565-580°C
50 to 100 mm I h/20 mm at 565-580°C
> 100 mm 6h at 565-580°C
High strength low alloy up to 50 mm 2h at 565-595°C
grey iron 50-100 mm 1 h/20 mm at 565-595°C
Spheroidal iron > 100 mm 6h at 565-595°C
High alloy irons up to 50 mm 2h at 595-650°C
50-100 mm 1 h/20 mm at 595-650°C
> 100 mm 6h at 595-650°C

Table 4.3 Influence of various treatments on the residual stress in cylinder blocks

Treatment Closure Stress relief %
cmfjem
(1) Shake out after 6 h, cool to room 0.16 0 reference
temperature over a 10 h period
(2) Same as (1) but cores removed at 0.076 52
shake out
(3) Cooled in the mould for 16h 0.064 60
(4) Same as (1) then stress relieved 0.06-0.076 52-62
at 535°C for 2h, furnace cooled
to 370°C
(5) Same as (1) then stress relieved 0.012-0.015 92

at 620 °C for 2 h, furnace cooled
to 370°C




and 0.3% Cr (ref. 7). A saw cut was made through the
end of the block to the first cylinder bore and parallel
to two vertical lines drawn on the end of the block.
The residual stress was estimated by measuring the
distance between the lines before and after sawing.
The amount of close-in is related to the residual stress.
The results illustrate the reduction in residual stress
achieved by reducing the temperature gradients in the
casting by slow cooling in the mould and by core
removal at shake-out. The marked dependence on
stress relief temperature is evident.

The most important features of a furnace suitable
for stress relief are:

1. an ability to achieve controlled heating and cooling
rates in the range 40 to 100 °C/h;

2. freedom from marked temperature gradients in the
furnace and

3. freedom from direct flame or exhaust gas impinge-
ment on the casting.

Both continuous and batch type furnaces are used.
They are electric, gas or oil-fired. Indirect heating with
forced air circulation in the heated zone facilitates the
achievement of the factors listed above.

The most serious consequences of incorrect stress
relief treatment are distortion or cracking of castings.
This may be caused by:

1. inadequate support of castings in a furnace;

2. overloading of castings during heat treatment due
to stacking others on them;

3. temperature gradients generated in the casting due
to flame impingement and

4. too rapid a heating and/or cooling rate.

Stress relief is usually carried out when the casting has
been fettled and is ready for rough machining.

Annealing heat treatment

Annealing heat treatments are used to eliminate
carbides and pearlite from as-cast structures thus
producing graphite in a ferritic matrix. In this way:

1. grey and spheroidal irons are softened, ductility
and machinability are increased and
2. white irons are converted to malleable irons.

Annealing of grey irons

A full annealing treatment involves two stages. The
first is performed above the critical temperature
range. It decomposes carbide and homogenizes the
matrix. This disperses segregated elements that might
otherwise lead to localized stabilization of carbides
and pearlite. The second stage is performed at a tem-
perature below the critical temperature range. It
converts the matrix into ferrite by precipitating all the
C in solution onto pre-existing graphite.
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Figure 4.11 Typical full annealing processes: (a) various
controlled slow cooling cycles; (b) interrupted cooling
cycles; (c) air cool and reheat, two stage annealing

Various annealing cycles are used, as shown in
Figure 4.11. The cycle used depends on the type and
nature of the iron. Castings are soaked for up to 10h
in the temperature range 850 to 950 °C during first-
stage annealing. Casting section size, iron com-
position, furnace loading and prior structure, if
induction heating is used®, determine the time and
temperature. If carbides, particularly intercellular
carbides are present, a prolonged annealing time at a
higher temperature is necessary for their breakdown.
In that case a high temperature carbide graphitizing
cycle (900-950°C) must be used. A medium tem-
perature cycle (820-900 °C) can be used when only
small quantities of dispersed carbide are present. First
stage annealing can be eliminated in flake irons (sub-
critical ferritizing anneal). It can be reduced consider-
ably in spheroidal irons if the structure is carbide-free.

The use of a sub-critical anneal with spheroidal
irons is not advised because it can lead to a reduction
in mechanical properties due to substructure
formation®. In addition, the rate of ferritization
decreases rapidly below 650°C and a medium tem-
perature anneal can take less time and yield better
properties. High Si content promotes carbide
breakdown. The influence of minor elements on
carbide and pearlite formation has been described
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Table 4.4 The level of minor element concentration likely to
lead to difficulties in full annealing operations

Carbide stabilizers Pearlite stabilizers

Cr > 0.05% As > 0.02%
V > 0.05% Sn > 0.02%
S not balanced by Mn Cu > 0.05%

in flake irons Cr > 0.05%

N in flake irons
B > 0.005%

Mn unbalanced, particularly
in heavy sections

Ni > 0.1%

Unbalanced S in grey irons

N in grey irons

Mo > 0.05%

previously. Levels of minor elements at which
difficulty might be expected during full annealing are
indicated in Table 4.4.

Figure 4.11 shows that second stage annealing may
be accomplished during slow furnace cooling by inter-
rupted cooling or by a two stage treatment. A typical
two stage process involves austenitizing at 900 °C,
followed by transformation to pearlite during cooling
to 675°C, followed by ferritization of pearlite at
760 °C. This cycle can produce desired properties in
shorter times and is utilized in the production
annealing of spheroidal iron pressure pipes. Castings
may be air cooled after second stage annealing unless
susceptible to residual stresses when cooling should be
at a rate between 50 and 100°C/h to below 200 °C.

Malleablizing

Malleable irons have been described in Chapter 1. A
full anneal, which constitutes malleabilizing, is an
integral part of the production of these irons.
However traditional treatment requires a long
annealing time because the structure to be annealed is
completely white. Consequently, the manufacturer
must pay attention to factors that influence cycle time
in addition to those controlling the annealed
structure, particularly, the number and shape of the
graphite clusters. If insufficient graphite nuclei are
produced during first stage annealing, mechanical
properties are below their optimum. Therefore,
second stage annealing times are increased because of
the long diffusion distances. Too many nucleation
centres can lead to undesirable structures in which
graphite clusters are aligned parallel to the boundaries
of the original cementite. High cluster counts have
been associated with low hardenability and non-
uniform tempering in martensitic malleable irons. A
cluster count of between 80 and 150/mm’ is
considered optimal.

The kinetics of first stage graphitization have been
measured extensively in alloys of different com-
positions'®'®. The reaction rate depends strongly on
alloy composition. However, in all irons graphitiza-

tion is a nucleation and growth process with overall
kinetics described by:

y = 1 —exp (yk)

where y is the fraction of carbide decomposed in time
t, k is a temperature dependent rate constant and # is
a constant. The reaction commences when graphite is
nucleated. This occurs predominantly at the interface
between cementite and saturated austenite, but it also
occurs on FeS particles in the presence of free S.
Nucleation is promoted by high annealing tem-
perature. However, too high a temperature distorts
the casting. High C and Si contents promote graph-
itization and enhance nucleation, but the content of
these elements must be limited to ensure that the
casting solidifies white.

Graphitization continues with the growth of the
nuclei. The nuclei depend on diffusion and carbide
decomposition for their supply of C. The growth
process is the rate controlling process. Various growth
models have been proposed which suggest that
growth is controlled by C diffusion', by the influence
of solutes on C diffusion'’, by solute diffusion®, by
the dissolution of carbide!” or by a combination of
nucleus growth and coarsening with the balance
between them controlled by the rate of carbide dis-
solution®. Minkoff has discussed various growth
models’.

A simple growth model based on C diffusion
control identifies factors of importance in the mal-
leabilizing process. C diffuses down the gradient
(Cy; — C))/x at temperature T in Figure 4.12. The
solute flux J is approximately

J = DJ(C, — C))/x

This flux is maintained by the dissolution of a volume
fraction V; of Fe;C of C concentration C. The
transport of solute across an interface of area A4 of
small volume Ax is:

d
JA = A4 x T Cr;
Combining the two equations for J and integrating
gives factors that influence the time for complete
graphitizing:

_¢ _x
€ -CHD,

Where x is the diffusion distance and D, is the
diffusion coefficient of C in Fe. Hence, malleabilizing
time can be decreased by increasing temperature (D,
parameter) and minimizing x by using a fast cooling
rate to produce a fine Fe-Fe;C cast structure.

Si influences graphitization rate because it increases
the separation of the limit of the metastable austenite
solubility and the stable solubility limit. That is, it
increases (C, — C,). In a similar manner Cr stabilizes
the carbide phase, lowers its free energy, creates new

toc W ox
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Figure 4.12 Malleabilizing of a white iron of composition C, at temperature T: (a) the Fe-G (-——-)
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) phase diagrams; (b) the free energy relationship between y, G and Fe,C defining

(C, — C,) and showing how an alloying element such as Cr lowers (C, — C,) to (C; — C,); (c) the C
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solubility relationships that decrease (C, — C,) and
increases the graphitization time. On the other hand,
Ni and Cu dissolve in austenite and lower its free
energy. This changes the stability of the carbide phase
and graphite in relation to austenite such that graph-
itization is enhanced.

The Si content is increased to 1.5% and the Cr
limited to 0.1% in short cycle treatment, as indicated
in Table 1.8 in Chapter 1. The increased Si content
renders the iron more susceptible to mottle formation,
which can be countered by the addition of 0.01% Bi.
This has no effect on annealability. The C content is
limited to 2.35-2.45% to accommodate the increased
Si content. The addition of 0.001% B increases an-
nealability by accelerating carbide decomposition.
However, the residual B should not exceed 0.0035%
in order to avoid cluster alignment and carbide
formation. Additions of 0.005% Al improve an-
nealability without promoting mottle. Te is effective
in suppressing mottle formation, but the residual con-
centration must be less than 0.003% otherwise
annealing time is increased appreciably.

Recently the addition of 0.15% NaCl has been
shown to be as effective as a combined B and Bi
addition'”. Mn and S contents must be balanced to
ensure that all S is combined with Mn and only a safe,
minimum quantity of excess Mn is present. An excess
of S or Mn retards annealing®. The action of S has
been attributed to interfacial segregation® . An excess
of Mn increases carbide stability.

A typical short cycle anneal for a blackheart iron is
shown in Figure 4.13. The casting is heated in a
neutral atmosphere to a temperature in the range 940
to 960°C and annealed for 3 to 10h. Both tem-
perature and time are adjusted to match the iron
composition and casting section. The heat treatment
is continued by rapid cooling to the upper tem-
perature of the second stage annealing range (790 to
760 °C) and by controlled cooling through this range.
Time must be allowed for C diffusion and its
deposition on G nuclei for a fully ferritic matrix. This
requires cooling rates in the range 3-10°C/h
depending on section size.

Graphite shape, as well as cluster count, influences



136 Solid state transformations

l«—1st stage»-«—2nd stage—»

960 -

772

500 |-

~
©
o

Temperature °C
~i
~
S

L 1 1 i 1
12 24 36 48 60
Time h

Figure 4.13 Typical heat treatment cycle for a short cycle
blackheart iron

properties. Cluster shape varies from aggregate flake
through compact clusters to spheroidal with corres-
ponding changes in mechanical properties. Graphite
growth in the solid state occurs from basal and prism
planes and is influenced by instability effects”. S
(contrary to its influence on growth from the liquid),
H,, Mg, Ce and rare earths promote spheroidal
growth®. However the use of S for this purpose is
limited because it reduces the rate of annealing.
Malleabilizing is performed in batch-type or
continuous furnaces which are either electric or fuel
fired. Whiteheart irons are annealed in a decarburiz-
ing atmosphere. Blackheart irons are annealed in a
neutral atmosphere. Traditional practice in batch-
type furnaces involved packing castings in cans
containing live iron ore (whiteheart) or sealing in cans
with spent ore (blackheart). The neutral atmosphere
in the latter case is generated by CO, which is initially
produced by reaction between entrapped air in the
can and C at the metal surface. This CO, reacts with
Fe,C at the casting surface to yield CO. The CO, is
then regenerated by the O in the ore. The steel cans in
this operation limit heat transfer to the castings in the
centre of the furnace. This leads to extended cycle
times. The cycle temperature is limited because of
problems of fusion of the casting with the ore.
Careful attention to furnace design, for example,
effective sealing from the atmosphere, can eliminate
the need for packing castings in cans. Careful design
of heating elements can lead to energy savings and
reduce cycle times”. Higher temperatures and shorter
cycle times can be achieved in continuous furnaces. N,
is used to maintain a neutral atmosphere. A decar-
burizing atmosphere for whiteheart irons is achieved
by controlling the CO/CO, ratio in the atmosphere.

The proportion of gases present in the atmosphere is
controlled by the equation:

H, + CO, = CO + H,0

The equilibrium constant of this reaction at 1060 °C is
2.1. If the CO/CO, ratio, which is monitored during
annealing, is maintained at 2.7, the H,/H,O ratio is

1.3 and the atmosphere composition will be
24.5% CO, 9.1% CO,, 6.9%H,0, 9.0%H, and
50.5% N,.

The decarburization process is governed by the
reactions:

C 4+ CO, = 2CO + Fe(y)
C + H,0 = CO + Fe(y) + H,

The austenite in equilibrium with the furnace
atmosphere at 1060 °C contains less than 0.01% C
with a CO/CO, ratio of 2.7. Hence, at equilibrium,
surface decarburization should be complete. Surface
oxidation scaling occurs according to:

Fe + CO, = FeO + CO
Fe + H,0 = FeO + H,

A CO/CO, ratio of 2.7 is just sufficient to prevent
oxidation scaling at 1060 °C.

Heat treatments to promote mechanical
properties

The main use of heat treatment is to improve the
mechanical properties of a casting compared to those
displayed in the as-cast condition. The range of
properties that can be attained in spheroidal irons are
shown in Chapter 1 in Figure 1.7. The most common
heat treatments are described below.

Normalizing

Normalizing is the cooling of an iron in air from a
temperature above the critical range. This treatment is
applied to obtain a higher hardness and strength than
can be attained in either the as-cast or annealed
conditions. Normalizing induces a fine pearlitic
matrix structure, which combines good wear
resistance with reasonable machinability. It also
produces excellent response to induction or flame
hardening, provided the cooling rate is fast enough
and the hardenability sufficient for the section
thickness.

Typical normalizing temperatures are 800-830°C
for malleable irons, 810-870 °C for high strength grey
irons, 840-900°C for lower strength grey irons and
820-900°C for spheroidal irons. The heating rate
must be controlled to avoid distortion or cracking.
The time at temperature rarely exceeds that necessary
to establish a uniform temperature distribution. The
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cooling rate can be varied from that of still air to that
induced by large fans. The response to a normalizing
treatment depends on section size and uniformity and
alloy content. Alloying additions that increase hard-
enability allow larger sections to be normalized.

The hardening response of alloyed irons can be so
great that tempering is required to obtain desired
properties. Tempering after normalizing is usually
performed in the temperature range 500 to 625 °C for
1h per 2.5cm of section thickness. Castings with
non-uniform sections can require a stress relief
anneal. These two operations can be combined by
using a temperature that tempers to the desired level,
followed by cooling in the furnace to about 300 °C,
followed by air cooling. Tempering of a pearlitic
structure produced by normalizing requires a tem-
perature of up to 50 °C higher than that for tempering
of a structure produced by through hardening to the
same tempered hardness. Normalizing cycles are
compared with stress relieving and annealing cycles in
Figure 4.14.

Quenching and tempering treatments

Quenching and tempering treatments produce higher
strengths than can be achieved by normalizing. They
also produce good wear characteristics. In general,
quenched and tempered structures are more
machinable than pearlitic structures of the same
hardness. A greater variety of irons can be furnace or
salt-bath hardened than can be flame hardened or
induction hardened. The relatively short time
available for C solution in austenite in flame or
induction hardening means that only irons with a
relatively large amount of combined C can be
hardened successfully. There is no such time limit in
furnace or salt-bath processes and irons containing
very little combined C can be hardened.

Austenitizing is performed up to 50 °C above the
critical temperature range until the desired amount of
C has been taken into solution in austenite. This
controls the as-quenched hardness. Austenitizing time
is important in irons with low combined C content.
The amount of C in solution increases as the aus-
tenitizing temperature increases.

Si reduces the solubility of C in austenite. This
necessitates the use of higher temperatures for
maximum hardening. Higher temperatures can lead
to more severe quenching and cracking. Consequent-
ly, it is found that high Si irons are less responsive to
quenching and more prone to cracking.

Successful hardening is accomplished by quenching
from the austenitizing temperature at a rate that
exceeds, but is not greatly in excess of, the critical rate
necessary to suppress pearlite formation. This rate
can be determined from TTT or CCT diagrams or
from hardenability data corrected for the influence of
alloying additions and the severity of the quenching
medium.

Hardenability is a measure of how rapidly the iron
must be cooled to suppress its transformation. It is
expressed as the diameter of a round bar that will just
harden all the way through to 50% martensite at the
end when quenched in water. The hardenability can
be measured using the standardized Jominy end
quench test. Alternatively, the critical diameter can be
predicted for a known quenching medium from the
iron composition®.

This method uses experimentally determined rela-
tionships between hardenability and alloy element
content. It is based on the observation that each
element has a specific and independent influence on
hardenability (see Figure 4.15). The starting point is
the absolute hardenability, D,, which is based on the
iron C content. The critical diameter for water
quenching is calculated by multiplying D, by the



138  Solid state transformations

4r (a)
R
- \\\\
Q< 2
s w
1 1 1 ] 1 15
2 4 6 G
11y Cc% £
w )
38 [ (b) <
2 oot
SN
2 L \
< 0.7
. s 1 I} ] bod K 1 'l
0.1 0.2 0.3 1.0 2.0 3.0
P % Alloy content
201 (d) @/ //y 0
& L / / 05
s
% o // ) /
=
3
< S,
T - o
~ T _—0.01
e = e
0 /:4-—//” 3 2 3

Ideal diameter D,

Figure 4.15 (a) Relationship between absolute hardenabil-
ity D, and C content; (b) and (c) Alloy factors (F) for
various alloying elements; (d) Relationship between ideal
diameter D, and actual diameter, D, for various quenching
medium severity factors

factor for each alloying element present as determined
from Figure 4.15. The actual bar diameter that can be
hardened is calculated from the ideal diameter:actual
diameter relationship appropriate for the quenching
medium used, as shown in Figure 4.15. Quench
severity factors for various media are shown in Table
4.5.

Table 4.5 Quench severity factors for various media (after
ref. 25)

Quenching medium Quench factor

700-540°C 200°C
Aqueous solution 10% NaOH 2.06 1.36
Aqueous solution 10% H,SO, 1.22 1.49
Water at 0°C 1.06 1.02
Water at 18°C 1.00 1.00
Water at 25°C 0.72 1.11
Oil (rape seed) 0.30 0.055
Water at 50°C 0.17 0.95
Liquid air 0.039 0.033
Air 0.028 0.007

Many iron castings cannot be hardened by
quenching because of their size, complexity or the
variation in section thickness. The cooling rate
required necessitates water quenching. This distorts
the casting or causes quench cracking. Water-
polymer solutions have been used successfully on
some castings to produce an efficient quench with less
thermal stressing. However, irons are usually
quenched in oil or even air-quenched, if heavily
alloyed. Quenched irons are tempered to reduce
residual stresses and the probability of cracking and
to adjust mechanical properties. Tempering reduces
hardness and improves tensile strength to an extent
that depends on tempering temperature and iron type.
Some typical cycles are given in Table 4.6.

Hardness is a convenient way of monitoring
tempering but this control can be lost due to
mechanical property impairment as a result of
secondary graphitization. Secondary graphitization is
the decomposition of a martensitic structure during
tempering at higher temperatures (above 430°C) to
form small graphite precipitates throughout the

Table 4.6 Examples of hardening and tempering cycles for flake and spheroidal irons

Purpose

Austenitizing temperature
and time

Quench

Tempering cycle

Grey iron with maximum hardness

Grey iron with optimum strength

and toughness
To produce G 800/2
BS 2789 (1985)

To produce G 700/2
BS 2789 (1985)

To produce G 700/2
BS 2789 (1985)
Spheroidal iron preparation
for flame hardening

560 °C preheat
870°C 1 h per inch section
650 °C preheat;
870°C 1 h per inch section
900°C 1 h per inch section

900 °C 1h per inch section

900 °C 1h per inch section

900°C 1 h per inch section

Agitated oil
quench to 120°C
Agitated oil
quench to 120°C
Agitated oil
(55-85°C)

Agitated oil

Air quench to 425°C

Agitated oil

200°C for I h

Cool in still air

400°C for 1h

Cool in still air

480 °C for 2h;

Furnace cool to 345°C;
Air cool

480 °C for 2 h;

Furnace cool to 345°C;
Air cool

595°C for 2h

650 °C for 2 h;
Furnace cool to 345°C;
Air cool




matrix. The process appears to be limited to marten-
sitic structures, graphite formed during the tempering
of pearlite, and bainite deposits on primary graphite
formed during solidification or malleabilizing.

Several studies®”, particularly with spheroidal
irons, have led to the following understanding of the
process. Martensite decomposes into transitional
carbide phase(s) early in the tempering process. Soon
after these early events, graphite nucleates readily
throughout the strained, C-saturated matrix mainly,
but not only, at prior martensite platelet intersections.
Iron carbide forms and any austenite decomposes as
tempering continues. As tempering develops, the iron
carbide decomposes and supplies C for the growth of
primary graphite and secondary graphite nuclei.
Direct nucleation of secondary graphite from the
quenched structure has been observed. Carbide de-
composition, graphite nucleation and graphite
growth occur within eutectic cells first. They occur
later in the intercellular regions.

Only heat treatment parameters that influence the
morphology of martensite formed on quenching
affect the morphology and distribution of secondary
graphite. High austenitizing temperatures yield
coarse, high-C martensite, which in turn produces a
coarse distribution of relatively large secondary
graphite particles. Undesirable elongated graphite
may form at austenite grain boundaries.

Si has the greatest effect amongst alloying elements,
where it increases C activity and promotes graphitiza-
tion. Carbide-stabilizing and pearlite-promoting
elements have a much less potent influence. Indeed,
the high Si and limited carbide stabilizing element
content characteristic of spheroidal irons makes it
impossible to prevent or significantly delay graph-
itization during tempering at temperatures > 530°C.
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Secondary graphite distributed throughout the
matrix reduces the upper shelf impact energy signifi-
cantly. However, it decreases the ductile-brittle
transition temperature to as low as —100°C and
increases the lower shelf energy. The lowering of the
upper shelf energy is due to secondary graphite
causing microcracks and microtearing at the ferrite—
secondary graphite interface with little localized
plasticity. The lower shelf energy is increased because
secondary graphite causes localized tearing ahead of
the cleavage crack front.

Hot quenching techniques

Hot quenching is designed to reduce distortion and
susceptibility to quench cracking by utilizing the time
available on quenching and before austenite trans-
formation to reduce temperature differences in the
casting. This is achieved by quenching directly from
the austenitizing temperature into a hot liquid,
usually a molten salt bath in the temperature range
425 to 200°C, or by first quenching into a tem-
perature-controlled oil bath for a predetermined time
and then transfering the casting to the hot bath before
any part of it reaches 200 °C. The casting is transform-
ed once its temperature has equalized in the hot bath.

Martempering

Transformation of austenite in this treatment is to
martensite. A martempering cycle is shown in Figure
4.16. The casting is quenched from the austenitizing
temperature into a hot bath. It is held at a tem-
perature slightly above the M, temperature until the

Time

Figure 4.16 The martempering cycle used for diesel engine cylinders cast
in iron of composition: 3.4% C, 2.20% Si, 0.25% P max., 0.12% S max.,
0.55-0.80% Mn and 0.3-0.4% Cr; a, fully annealed at 870 °C; b, roughly
machined; c, austenitized at 870 °C for 1h; d, quenched for 1 minute in

molten nitrate-nitrite salt bath at 245 °C; e, air cool for 30 minutes; f,

after washing, temper at 205°C for 2h (after ref. 30)
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Figure 4.17 The influence of prior annealing temperature
on growth during the martempering cycle shown in Figure
4.16

casting has attained the bath temperature. Then it is
cooled to room temperature when the austenite
transforms to martensite.

The benefits to be gained from martempering are
illustrated in its use for the hardening of thin walled
cylinder liners for diesel engines®. These are cast with
a flake structure. The major concern in their mass
production heat treatment is uniform hardening to
Brinell Hardness Number (BHN) 390430 with
minimum distortion. The maximum out of roundness
tolerable is 0.038 mm on a liner of wall thickness
2.79 mm. Liners must be supported individually on
mandrels to preserve their shape when hardened by
oil quenching. Even then some liners are rejected
because of distortion and quench cracking.
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Figure 4.18 Schematic isothermal transformation diagram
for an unalloyed spheroidal iron with superimposed tem-
perature-time plot typical of an austempering treatment

Martempering according to Figure 4.16 eliminates
rejections due to cracking and reduces distortion sig-
nificantly. Allowance for growth during martemper-
ing must be made if final dimensional accuracy is
important. The uniformity of growth and the
allowance required depend on the condition of the
iron prior to martempering. Figure 4.17 shows that
annealing prior to martempering reduces growth con-
siderably.

Austempering

A typical austempering heat treatment cycle is shown
in Figure 4.18. The cast component is austenitized
between 850 and 950 °C, quenched into a salt or oil
bath at a temperature in the range 450-250°C and
austempered at this temperature, usually for up to 4
hours. This hot quenching technique can produce a
unique material with outstanding properties of high
strength and ductility. These properties were
recognized many years ago® 2, but commercial ex-
ploitation has been delayed because of the careful
control that must be exercised over alloy content,
solidification microstructure and heat treatment
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Figure 4.19 Schematic plot of ultimate tensile strength
(U.T.S.) vs. elongation for austempered spheroidal iron,
other forms of spheroidal iron and an alloy steel. The
dashed curve ef shows a property path when the austem-
pering conditions do not produce optimum properties



variables to obtain the unique microstructure res-
ponsible for optimum properties.

Austempered iron (ADI) can be twice as strong as
standard spheroidal iron at the same level of
toughness. It responds to work-hardening surface
treatments and exhibits excellent fatigue and wear
properties. As shown in Figure 4.19 ADI approaches
the properties of a heat-treated wrought steel, for
which it is increasingly being considered as a replace-
ment in applications such as crankshafts, camshalfts,
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gears etc.®*. In addition, compared to forged steel
components, ADI offers a weight advantage, lower
raw material, machining and heat treatment costs and
casting of components to near net shape.

If the heat treatment parameters, tempering tem-
perature and time are varied for a steel, the properties
move along the line ab in Figure 4.19, that is, as the
strength decreases, the ductility increases. This is a
consequence of the microstructural changes. The
initial transition to ferrite and carbide determines the
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Figure 4.20 U.T.S. vs. reduction in area for 3.6% C, 2.51% Si iron containing various amounts of alloying additions

austenitized and austempered at various temperatures.

Alloy T, T, MISV%* Mn Mo Time, min.
A 316 927 0 0.15 - 40

B 316 871 0 0.15 - 20

C 371 927 0 0.15 - 30

D 371 871 0 0.15 - 25

K 316 871 O 030 - 40

G 371 927 3.0 030 - 30

H 371 871 0 030 - 40

F 371 871 0 0.60 - 40

E 371 927 74 0.60 - 40

L 316 927 29 0.30 0.20 30

M 371 927 3.6 030 020 40

P 371 927 39 030 040 -

N 316 927 7.2 030 040 -

S 316 927 1.6 0.30 0.40 40

R 371 927 8.0 0.60 020 40

(0.5% Ni)

*MISV is the martensite-containing segregation volume.

The dotted line shows the change in properties of alloy R
after further tempering at 341 °C for the minutes indicated
(after ref. 45)
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strength and ductility. Coarsening of the carbides
results in a simultaneous decrease in strength and
increase in ductility.

A similar simple, ‘optimum’ property relationship,
cd in Figure 4.19, exists for an iron with a homogen-
eous austenite matrix austempered for a time that
falls within a critical time interval or window. Under
these ‘ideal’ conditions the strength and ductility
levels are determined by the choice of austenitizing
and austempering temperatures, as shown by points
A, B, C and D in Figure 4.20.

Certain combinations of austenitizing and austem-
pering conditions, as well as segregation in the cast
structure and alloy composition can lead to a
shortening or even a closing of the processing
window. Under these conditions, the iron properties
depend on austempering time as shown by the
property path ef in Figure 4.19. As the austempering
time increases (¢, ¢, etc.) the combination of strength
and ductility increases to the optimum value. Alter-
natively, as in Figure 4.19, the austempered properties
increase to the best value if the critical time interval
has been reduced to zero, then fall away from this
value as the time increases. This difference in the
behaviour patterns of iron and steel reflects important
differences in the microstructural features of the
transformation in the two materials.

As commented by Rouns er al.*’, ‘to be sure, no
effective tight control on either foundry or heat
treatment operations will succeed until a full under-
standing of the structure mechanical property rela-
tionships are obtained’. Considerable effort is being
expended towards this end*®.

It has been established that whereas in austempered
steels a bainitic two-phase ferrite + carbide structure
is produced, the transformation in irons can be
divided into three stages. A relatively fast ledge
growth of ferrite plates (with some carbide in lower
bainite) occurs in stage I and produces a bainitic
structure consisting of ferrite and high-C stabilized
austenite. Stage II spans the critical time interval. It is
a period of relative stability in which the growth of
ferrite plates ceases and the amount of retained
austenite reaches a plateau. The iron properties reach
their optimum during stage I1. Stage III begins with
an accelerated precipitation of carbides followed by
sideways growth of ferrite plates and disappearance
of the austenite phase. Thus the maximum ductility
occurs with a structure that contains the greatest
amount of high-C austenite with minimum amounts
of constituents formed in stages I and III that impair
ductility.

Untransformed austenite is the main stage I con-
stituent that causes loss of ductility. The constituent is
exaggerated by alloying additions which delay the
stage I transformation and their segregation during
solidification. Untransformed austenite is relatively
low in C. On cooling it forms martensite, which
reduces ductility. In stage III high-C austenite

disappears as a consequence of carbide formation.
This reduces ductility. The stage III carbides can
create nearly continuous films on interfaces. This
provides paths for crack propagation which also
reduces ductility”. The different transformation
stages for upper bainite are illustrated thermodynam-
ically in Figure 4.21.

The Si present in cast iron reduces the rate at which
iron carbides form, thus preventing the ferrite carbide
bainite characteristic of steels from developing.
Consequently, the system initially obeys the
metastable equilibrium relationship between ferrite
and austenite defined by the tangent line between the
a and y free energy curves in Figure 4.21. In practice,
the iron is austenitized at temperature T,. This
determines the austenite C content (~ 0.8% in Figure
4.21). When the austenite is quenched to the austem-
pering temperature T, it assumes a free energy given
by point a. The driving force for stage I of the trans-
formation is the free energy difference (a — b). At the
completion of the stage the free energy has fallen to b
and the microstructure consists of bainitic ferrite and
high C austenite (approximately 2%). The high C
content depresses the M, temperature so that
austenite is stable after cooling to room temperature.
Later in stage III the high C austenite transforms to
ferrite and transitional carbides. Eventually the free
energy falls to point ¢, where metastable equilibrium
is reached between ferrite and Fe,C.

The kinetics of stage I and stage I1I reactions have
been followed using hardness measurements, the

Temperature

Free energy

wt. % carbon

Figure 4.21 Iron—carbon-silicon section of the phase
diagram with schematic free energy diagram representa-
tion of the austempering process
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Figure 4.22 (a) The variation of Vickers hardness a, austenite volume fraction b, and austenite C content ¢, with
austempering time in a 0.35% Mn iron austenitized at 927 °C and austempered at 371 °C. (b) The variation of the
untransformed austenite volume, a, and the elongation, b, with austempering time in the same alloy (after ref. 48)

volume fraction of austenite and the austenite C
content deduced from X-ray measurements. Stage I
kinetics have been followed using measurements of
the untransformed austenite volume. The variation of
these parameters with austempering time is shown in
Figure 4.22. Measurements to date have shown that
stage I kinetics are influenced by austempering tem-
perature, austenitizing temperature, amount and type
of alloying element. Limited analysis of stage III
kinetics suggest that they are influenced mainly by
alloying elements.

Figure 4.23a shows the kinetic curves for stage I and
III likely to occur in irons with very small alloying
additions, for example, the iron containing 0.15% Mn
displaying the mechanical properties shown in Figure
4.20. A significant processing time window exists
during which the maximum amount of high-C
austenite is present. This allows sufficient latitude in
practice for the optimum properties to be obtained
reproducibly. However, such an iron will have limited
hardenability and only thin sections can be austem-
pered.

Figure 4.24 shows the maximum bar diameter of an

unalloyed iron that can be austempered without
pearlite or ferrite formation during cooling from the
austenitizing to the austempering temperature. These
two temperatures influence the maximum diameter
because higher austempering and lower austenitizing
temperatures lower the cooling rate through the
pearlite transformation range. Figure 4.24 shows that
Mo is most effective, but additions must be limited
because of effects due to solidification segregation.
Mn additions must be limited for the same reason. Cu
is not as effective as Mo; 1.5% Cu is equivalent to
0.3% Mo and 0.75% Ni is equivalent to 0.5% Cu.
However, at higher concentrations Ni is much more
effective than Cu. Although Cr and V are most
effective in increasing hardenability in steels, their
carbide-forming ability prohibits their use in cast
irons. Alloying additions do not necessarily effect
stage I and stage III in the same manner. Consequent-
ly, the critical time interval may increase compared to
the unalloyed iron (Figure 4.23b) or disappear (Figure
4.23¢). If the time window disappears, optimum
mechanical properties would not be obtained, as illu-
strated in Figure 4.19.
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Figure 4.23 Schematic plots of the per cent high-C

austenite against austempering time showing (a) a wide
processing window #, — £,; (b) a widened processing

window; (¢) closure of the window; (d) , a wide
processing window; — — —, closure of the window due to
alloy segregation effects; —————, processing window

opened due to a lower austenitizing temperature

Solute segregation during solidification can
increase the solute content in the last areas to freeze to
several orders of magnitude greater than the average
solute concentration. In a non-homogeneous matrix
different areas will transform at different rates. This
can seriously restrict the processing window.
Nucleation during stage I occurs within the low-alloy-
element-content areas. This is followed by growth of
the bainitic product into segregated areas, where there
will be increasing resistance to transformation. One
would expect the stage I transformation to be more
rapid initially and then to slow down in the later
stages. This is shown in Figure 4.23d.

Stage III will be affected by alloying elements. If
low alloy areas transform more quickly and the high
alloy areas transform more slowly than in an iron
with a homogeneous matrix, the two stages can
overlap and thus eliminate the time window. Segrega-
tion is nearly always present in castings. Its effect in
wrought materials can be minimized or eliminated
through deformation and homogenization. Unfor-
tunately, cast-to-shape components cannot be
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Figure 4.24 Maximum bar diameter that can be austem-
pered without pearlite formation in an iron of com-
position: 3.5% C, 2.0% Si, 0.25% Mn with (1) unalloyed;
(2) 0.15% Mo; (3) 0.30% Mo; (4) 0.50% Mo; (5)

0.72% Ni; (6) 1.47% Ni; (7) 2.25% Ni; (8) 0.61% Cu (9)
1.08% Cu

deformed and spheroidal irons do not warrant high
temperature homogenization treatments. It is
necessary to characterize the effect of these variables
on the transformation before control of ADI can be
mastered. Some of the effects noted to date and their
influence on the structure property relationship of
austempered iron are described below.

Austenitizing temperature

In contrast to steels, the austenitizing temperature is
an important parameter in cast irons. It determines
the matrix C content. Austenitizing time is important
because sufficient time must be allowed for uniformity
of matrix C. This takes longer in an as-cast ferritic
iron than in a pearlitic iron because of the greater
diffusion distances involved. The austenitizing tem-
perature is usually in the range 850 to 950°C.

Decreasing the austenitizing temperature increases
the initial rate and decreases the time for the stage I
transformation. This effect is more pronounced at
lower austempering temperatures. The kinetic meas-
urements recorded in Figure 4.25 show that for the
0.3% Mn iron reducing the austenitizing temperature
from 927 to 871 °C, which corresponds to a reduction
of 0.13 weight % in the equilibrium C matrix con-
centration, reduces the time for 60-80% transforma-
tion from 7.11 to 3.13 minutes.

This influence can be explained using the free
energy composition diagram in Figure 4.21. When T,
is reduced to T;, the accompanying reduction in C
content produces a greater driving force (a” — b’)
for the stage I transformation. The greater driving
force increases ferrite nucleation and the initial trans-
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Figure 4.25 Time to achieve 60-80% completion of stage 1
for T, = 871°C (———) and T, = 927°C ( ) for
irons of different alloying contents; O = 0.15% Mn;

® = 0.30% Mn; o = 0.60% Mn; & = 0.30% Mn,

0.20% Mo; v = 0.3% Mn, 0.4% Mo; v = 0.6% Mn,
0.2% Mo, 0.5% Ni (after ref. 46)

formation rate and provides a greater activity
gradient. This drives C diffusion and produces a more
rapid ferrite plate growth. Limited observations
suggest that austenitizing temperature does not have
a significant effect on stage ITI kinetics.

The influence of these effects on the structure
property relationship is evident in Figure 4.20. Points
A and B and points C and D represent two iron sets
with constant T, and different 7,. Optimum
properties were obtained at shorter austempering
times in both sets, with the lower austenitizing tem-
perature suggesting a wider processing time window.
The lower matrix C associated with the lower aus-
tenitizing temperature produces a less strong, but
more ductile, material. This effect of austenitizing
temperature will accelerate stage I in all areas of the
casting, including the segregated areas. Consequently,
the time window closed by segregation may be opened
by reducing the austenitizing temperature (as shown
in Figure 4.23d) and allow optimum properties to
develop.

This effect is evident in Figure 4.20. All irons rep-
resented by open circles were austenitized at the
higher temperature. They contained martensite
(MISV) which formed from untransformed austenite
on cooling to room temperature and exhibited less
than optimum properties. The irons K, F and H
contained similar alloying additions but were aus-
tenitized at the lower temperature. They did not
contain MISV and displayed optimum properties.

U.T.S. N mm~2
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Figure 4.26 The variation of U.T.S. with Mn content in
an iron containing 3.56% C, 2.33%Si for T, = 871°C (@)
and T, = 927°C (O) (after ref. 45)

The time path represented by the dotted lines in
Figure 4.20 shows how further tempering at 371 °C of
a 0.6% Mn, 0.5% Ni, 0.2% Mo iron austenitized at
927°C and austempered at 371°C improved the
mechanical properties of the ‘non-optimum’ austem-
pered condition. This improvement resulted from
tempering of the martensite. Even after treatment for
3h at 371 °C stage III had not commenced.

The importance of the selection of the correct aus-
tenitizing temperature is illustrated further in Figure
4.26. The tensile strength is found to increase with
increasing Mn content in irons austenitized at 871 °C.
Tensile strength is found to decrease with increasing
Mn content (as usually reported) at 927°C. No
martensite was observed in alloys austenitized at
871°C, whereas MISV increased with increasing Mn
content in alloys austenitized at 927 °C.

Austempering temperature

Austempering  temperature influences  bainite
morphology, the proportion of retained austenite and
martensite formation. Austempering time s
important when the processing window is reduced or
closed as discussed above. Martensite formation is
favoured by low austempering temperature and short
holding time. Lower bainite is the predominant
morphology in irons transformed below 330 °C. The
formation of this structure is substantially indepen-
dent of austempering time and iron composition.
Ferrite plates grow rapidly into the austenite.
However, C diffusion is slow at the lower
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Figure 4.27 The effect of austempering time at 245°C on
U.T.S. (—~—) 0.2% proof stress (———-), elongation
(——-—) and hardness ( ) in an iron of composition:
3.5%C, 2.7% Si, 0.15% Mn, 1.0% Ni, 0.54% Cu,

0.16% Mo, 0.1% Mg (after ref. 55)

temperatures with the result that C saturation of
ferrite occurs and ¢ carbide precipitates in the ferrite.
Little C is rejected into the austenite. This allows the
reaction to proceed continuously so that with normal
austempering times less than 10% of retained
austenite is present in the structure after cooling to
room temperature. A comparison of points A and C
and of points B and D in Figure 4.20 shows that lower
bainitic structures are stronger and less ductile.

Figure 4.27 shows the influence of austempering
time on an alloyed iron austempered at 245°C to
develop strength. Iron austempered for 1h had
slightly higher hardness than irons treated for longer
times but it had lower strength and ductility. This was
attributed to the presence of untempered martensite.
Austempering for 2 or 4 hours increases tensile and
impact strength and produced measurable ductility.
This was attributed to the elimination of martensite.
However, the proof stress was only raised significantly
by the 4h treatment. The best combination of tensile
properties was achieved after 6h. The last two
findings were associated with structural changes due
to the reduction in retained austenite, relief of internal
stress and carbide precipitation due to tempering of
bainite.

Upper bainite is the predominant morphology with
austempering temperatures above 330 °C. These irons
display high strength compared with pearlitic
spheroidal irons but may not be as strong as some
hardened and tempered spheroidal irons. However,
ductility and toughness are much greater than with
lower bainite structures as shown in Figure 4.28. This
is due to the different transformation behaviour.
Although the free energy change is smaller for higher
austempering temperatures, C diffusion is more rapid.
This allows the C to partition to austenite during the
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Figure 4.28 The effect on tensile properties of austenitizing
for 1h at temperatures between 850 and 925 °C followed
by 1h austempering between 300 and 425°C in a
spheroidal iron of composition 3.44% C, 1.98% Si and
0.28% Mn; (ﬁ——~) T, = 850°C; (. ) T, = 875°C;
(=——) T, =900°C; (_,7) T, = 925°C. T = 850°C
resulted i 1n incomplete austenmzmg (after ref 49)

growth of the ferrite laths. If austempering is interrup-
ted in its early stages the austenite will transform at
least partially to martensite during cooling. However,
the C content of the residual austenite rapidly
approaches 2% and inhibits the transformation. The
increased C content depresses the M, temperature
with the result that up to 40% austenite can be
retained on cooling to room temperature. The high
elongations and fracture toughness of upper bainite
have been attributed to this retained austenite.

Iron composition

In selecting a composition for an ADI all the effects of
minor elements on structure described in previous
chapters must be considered in order to produce a



sound casting with a high count of good shaped
spheroids in a desired matrix free from intercellular
carbides. In addition, the iron must have sufficient,
but not excessive, hardenability. The correct com-
bination of alloying elements is necessary to produce
a sufficient time interval between stages I and III to
present the heat treater with a wide time processing
window. The known influences of solutes on the solid
state transformation and properties of ADI are
discussed below.

Carbon. The C content of spheroidal irons is close
to 3.6% in order to provide the desired solidification
structure. Increasing the C content in the range 3 to
4% produces a progressive reduction in the tensile
and proof strengths and little change in hardness and
elongation to failure. This results from an increased
graphite volume fraction which reduces the load
bearing cross-section. The austenite C content
depends on the alloying elements present, but can be
varied by controlling the austenitizing temperature
with the beneficial effect on mechanical properties
shown in the previous section.

Sificon. Silicon influences hardenability and the eg-
uilibrium C content of the austenite phase. Several
studies of the effect of Si on the mechanical properties
have been reported*#+€635 The effect of austem-
pering temperature on tensile properties is similar to
that on unalloyed irons. However, increasing Si from
2.0 to 2.9% decreases the optimum austempering
temperature for maximum strength from 325 to
275 °C and increases that for maximum ductility from
375 to 400°C.

At any particular austempering temperature tensile
and proof stress decrease and ductility increases as the
Si content increases. This is due to increasing amounts
of proeutectoid ferrite and pearlite in the structure.
Other measurements have shown™ that Si can
partially neutralize the deleterious effect of Mn on the
properties of austempered irons and vice versa. Si has
a significant effect on the fracture toughness of irons
which contain 0.6% Ni and 0.25% Mo and are aus-
tempered for 3h at 325°C. Limited measurements
showed that the crack opening displacement (8,) and
the equivalent plane strain fracture toughness K.
increased by 23% and 12%, respectively as the Si
content increased from 2.6 to 3.2%. This improve-
ment is attributed to higher fractions of retained
austenite. Luyendijk® has shown that Si increases
impact strength and reduces the impact transition
temperature. These changes suggest that Si might
improve the fatigue strength.

Manganese. This element improves hardenability
and severely retards the stage I reaction when present
in amounts > 0.25% as shown in Figure 4.29. It also
enhances stage III kinetics. It segregates strongly
during solidification causing the formation of MISV
with a loss of mechanical properties as illustrated in
the previous section. Lo-Kan® has shown that
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Figure 4.29 The variation of untransformed austenite
volume with austempering time for 7, = 315°C and
T, = 927°C for Mn- and Mo-alloyed spheroidal irons.

( ®) 0.15% Mn; (—— —@) 0.25% Mn, 0.06% Mo;
( 0) 0.35% Mn; (———0) 0.15% Mn, 0.40% Mo;
( 4) 0.57% Mn; (———a) 0.15% Mn, 0.60% Mo;
( 4) 0.97% Mn (after ref. 45)

increasing Mn from 0.07 to 0.74% in irons austem-
pered at 280 °C reduced impact strength by 54%.
Molybdenum. This element increases hardenability,
particularly in combination with Cu (ref. 67). It also
retards stage I, but not as much as Mn (Figure 4.29).
It segregates strongly during solidification and forms
carbides. Its much reduced effect on stage I kinetics
makes it a better addition than Mn for controlling
pearlitic hardenability. However, additions must be
limited to 0.3% because of strong segregation and
carbide forming tendencies. Figure 4.30 shows that
tensile strength, hardness and elongation fall pro-
gressively as the Mo content increases®. It is likely
that fatigue strength and fracture toughness will be
reduced by Mo. More detailed studies®’ have shown
tensile strengths in excess of 1000Nmm~? and
elongations in excess of 8% can be obtained by aus-
tempering a 1% Cu, 0.2% Mo iron at 355°C. The
time processing window extends from 0.75 to 24 h.
Copper. Additions of up to 1.5% only have a slight
effect on the tensile strength and hardness of irons
austempered between 300 and 400°C, (see Figure
4.31). However, the elongation increased progressive-
ly with increasing Cu at austempering temperatures of
350°C and below. Cu does not influence the amount
of retained austenite. However it has been suggested
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Figure 4.30 The effect of molybdenum content on the
tensile properties of austempered spheroidal iron (after
ref. 46)

that Cu suppresses carbide formation in lower bainite.
This would account for the influence of Cu on
ductility. This effect should lead to some improve-
ment in the fatigue and fracture toughness properties.

Nickel. Figure 4.32 shows that with Ni contents in
excess of 1%, tensile strength and hardness fall, par-
ticularly with austempering temperatures below
350°C. The variation in ductility is greatest with aus-
tempering temperatures of 350 °C and less. It has been
suggested that Ni acts in a similar way to Cu and
suppresses carbide formation in lower bainitic
structures. Segregation in irons containing more than
2% Ni may result in martensite formation during air
cooling subsequent to the austempering treatment
and may reduce ductility. The influence of Ni on other
mechanical properties has not been reported to date.

The metallurgical characteristics of the transforma-
tion are well defined as indicated above. The structure
property relationships are being established so rapidly
that the time is approaching when it will be possible
to select iron compositions and austempering
conditions to satisfy a range of specifications. This has

been illustrated for a commercial 1.5% Ni—0.3% Mo
spheroidal iron® as well as in several patented
procedures.

There are several practical considerations to be
satisfied before a component can be produced com-
mercially, even after iron composition and austemper-
ing conditions have been defined. Die casting,
permanent moulding, continuous casting and certain
sand moulds (zircon) offer a selection of casting
techniques for producing near net-shape castings.
Factors discussed earlier in the chapter, for example,
temperature distribution in the furnace, must be
considered in austenitizing.

In addition, the high hardness of the heat-treated
iron means that components should only need finish
machining after austempering. Therefore, it is
important to suppress decarburization and scaling.
This can be achieved using fluidized beds, salt baths or
controlled atmosphere furnaces using ‘endothermic’
gas or nitrogen. Proprietary stop-off compounds can
be effective in preventing surface degradation when
austenitizing is carried out in air.

Austempering involves quenching from the aus-
tenitizing furnace to the isothermal heat treatment
furnace at a rate sufficient to avoid pearlite or ferrite
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