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Abbreviations and Symbols

CI Cast iron
DI Ductile iron
ADI Austempered ductile iron
ADI_xxx_xxx (for example: Determination of isothermal transformation para-
EADI_400_30) meters of austempered ductile iron (in the example:

Tit = 400 ◦C, tit = 30 min.)
CADI Carbidic austempered ductile iron
DADI Direct austempered ductile iron
Q&T Quenched and tempered
HT Heat treated
EN-GJL Gray iron grades according to European Standard

EN 1561
CE Carbon equivalent
Gr Graphite
P Pearlite
α, F Ferrite
δ High-temperature ferrite
γ , A, Austenite
γ 0 Primary austenite
γ HC High-carbon austenite
α’, M Martensite
α+γ HC, AF Ausferrite
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BU Upper bainite
BL Lower bainite
BS, BF Start and end of bainitic transformation,
AS, AF Start and end of ausferritic transformation
MS, MF Temperature of the beginning and end of marten-

sitic transformation [0C]
Tγ ,A Austenitizing temperature [0C]
tγ ,A Austenitizing time [min.]
Tit Isothermal transformation temperature [0C]
tit Isothermal transformation time [min.]
T0 Temperatura pokojowa [0C]
Cγ

A Carbon content in austenite at austenitizing temper-
ature [%]

Cγ Carbon content in austenite [%]
Xγ Austenite content in the ausferritic mixture [%]
RYS Yield strength [MPa]
RTS Tensile strength [MPa]
KIC Fracture toughness [MPa × m1/2]
D Critical diameter [mm]
TRIP Transformation-induced plasticity
SEM Scanning electron microscope
TEM Transmission electron microscope
LM Light microscope
XRD X-ray diffraction

5.1 Cast Iron Vs. Steel

Among all foundry alloys for structural applications, cast iron is the best known
and most frequently used material (Fig. 5.1) [1–13]. As an iron-carbon alloy, it is
often confused with or compared to steel. And yet, as we shall see in this chapter,
its features are completely different from steels. To discover this, cast iron needs to
be studied more carefully.

5.1.1 Basics of Cast Iron

The great popularity of cast iron in both industry and research areas has survived to
this day despite the fact that this casting material has been known since 1000 BC
[14]. The devices for cast iron melting, i.e., shaft furnaces in China and bloomeries
first, blast furnaces in Europe next, and, finally, cupolas are milestones in the
development of civilization.

In addition to the practical experience of artists, i.e., foundry men, the gradual
entering of science into the field of cast iron production enabled further discoveries
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Fig. 5.1 Trends in world casting production in the years 2004–2017. (Author’s own analysis based
on [1–13])

that led to unflagging interest in this material lasting to the present day. It is enough
to mention A.F. Meehan who in 1922 developed a method for the manufacture of
inoculated cast iron, or H. Morrogh and A.P. Gagnebin who in 1947 invented the
cast iron with nodular graphite known also as ductile iron. Those were the turning
points in the use of cast iron as a construction material but by no means the end of
spectacular discoveries in this field. Heat treatment, and especially the austempering
treatment of ductile iron, developed at the end of the twentieth century as well as a
multitude of scientific publications that have appeared in recent years best prove the
fact that studies of this material are going on all the time [15, 16].

According to the most general definition, cast iron is an iron-carbon alloy, usually
with the carbon content ranging from 2 to 4 wt.%. Typically, cast iron also contains
other elements. It is produced by remelting pig iron, cast iron scrap, and steel scrap
and solidifies with eutectic transformation. It contrasts with cast steel which, being
also an iron-carbon alloy with other elements, has no eutectic in its composition.
Depending on whether the cast iron solidifies in a stable or metastable system
(Fig. 5.2), graphite eutectic or cementite eutectic (ledeburite) will form, respectively.
Depending on the form of carbon, bonded or free (graphite), the cast iron is said to
be white or gray, respectively (Fig. 5.2). The adjective white or gray in the name of
the cast iron reflects the color of the fracture, which is bright with metallic shimmer
in white cast iron and gray in gray cast iron. The gray color in the latter case is
associated with the presence of graphite in the fracture.

The most spectacular properties of cast iron are obtained primarily in ductile iron,
the invention of which eliminated the fundamental disadvantage of this material, i.e.,
the lack of plasticity. Ductile iron is the material which retains all the advantages of
cast iron, and at the same time allows obtaining the strength properties comparable
or superior to the properties of heat-treated steels or cast steels.
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Cast Iron

Metastable Stable Mg/Ce

Fast cool
P+Fe3C

Moderate cool
P+Gf

Moderate cool
P+Gn

Slow cool
+Gf

Slow cool
+Gn

White cast iron Pearlitic grey
cast iron

Ferritic grey
cast iron

Pearlitic ductile
cast iron

Ferritic ductile
cast iron

Fig. 5.2 Simplified classification of cast iron into different types depending on the type of
solidification in a stable or metastable system; P pearlite, Gf flake shaped graphite, Gn nodule
shaped graphite, α ferrite

5.1.2 Mechanical Properties

The main advantage of ductile iron is the unique combination of mechanical and
plastic properties [15, 17, 18]. Comparing the minimum values of Rm (ultimate
tensile strength) and A5 (total elongation with 5 mm gauge length) obtained
in conventional grades of this cast iron and in alloyed steel, carbon steel, and
austempered ductile iron, the potential competitiveness of ductile iron with respect
to steel deserves attention only in the case of the highest ductility (ductile iron with
ferritic matrix) or highest strength (ductile iron with ausferritic matrix) (Fig. 5.3)
[15]. From Fig. 5.3, it follows that austempered ductile iron (ADI) offers the
properties which are a “continuation” of the cast steel properties in the direction
of higher strength, while ADI grades with lower strength are competitive with the
cast steel of the highest strength.

Compared to steel, another very important feature of cast iron is a 10% lower
density. In combination with very high durability, it turns out that austempered
ductile iron can be competitive not only to steel, but also to magnesium alloys and
even aluminum alloys with respect to density (Fig. 5.4). Through small structural
changes, such as the reduction of wall thickness, attempts to replace aluminum
alloys with ADI have been successfully implemented [17]. The examples are
available in various sources, e.g., in formation available on a website [17] about
casting of a truck wheel hub of the same weight as an aluminum alloy casting
(~ 15 kg) and which best proves this statement.

5.1.3 Vibration Damping Capacity

Subjected to cyclic loads, cast iron shows the ability to absorb the applied energy
and convert it into heat resulting in fast damping of vibrations. The presence of
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Fig. 5.3 Comparison of the achievable range of ultimate tensile strength and total elongation:
austempered ductile iron, ductile iron, alloyed steel, carbon steel, and cast steel. (Author’s own
analysis based on [14–17])

graphite in gray cast iron results in damping of vibrations faster than in steel
(Fig. 5.5) [14, 15, 17]. This is of great importance in the case of unexpected or
rapidly changing loads. Cast iron offers a faster relaxation of the accumulated
stresses or suppression of vibration resonance which in other cases, even for
materials of much higher strength, can prove difficult and, therefore, disastrous
failure can occur.

The main structural constituent that affects the ability to damp vibrations is
graphite. With increasing content and size of the graphite precipitates, this ability
increases too. Therefore, in gray cast iron, the ability to dampen vibrations decreases
with the increasing properties and structure refinement. For this property of cast
iron, the metal matrix is incomparably less important, although much more effective
damping of vibrations by the bainitic matrix of cast iron compared to the pearlitic
matrix has been well documented [14]. The usefulness of gray cast iron for the
production of gears can be explained by the fact that stresses arising at the base of
the teeth, which is the place of stress accumulation, assume values much lower in
the cast iron gears due to damping of vibration than in the steel gears.
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Fig. 5.4 Yield strength and the yield strength-to-weight ratio compared for selected materials from
various cast irons, cast steels, and Al, Ti, and Mg alloys in different heat treatment conditions.
Q&T – quenched and tempered, HT – heat treated, EN-GJL – gray iron grades according to
European Standard EN 1561. (Author’s own analysis based on [1–17])

Fig. 5.5 Value of relative decrease in amplitude of vibration for different materials. (Author’s own
analysis based on [14, 15, 17])

5.1.4 Manufacturing Costs

Cast iron is an attractive construction or structural material also in terms of its
price, and not only when the cost of a kilogram of the product at current market
prices in Europe is compared (Fig. 5.6) [13], but also when the cost of producing
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Fig. 5.6 Approximate price per 1 kg of the product for different materials (2018). (Author’s own
analysis based on production sources)

Table 5.1 Energy
consumption in the
production of gears – a
comparison of ADI castings
and steel forgings [17]

Energy consumption, kWh/t
Operation ADI Steel

Making semifinished products 2500 4500
Annealing – 500
Austempering 600 –
Carburizing – 800–1200
Total 3100 5600–6200

complex geometries from different materials with the same properties is compared.
An interesting example is the comparison of manufacturing costs of products made
from carburized steel and cast from ADI which serves as parts of a machine
operated under dynamic mechanical loads and friction conditions (Table 5.1) [17].
The documented almost 50% savings in costs related to energy consumption is not
the only advantage of technology conversion in this particular case. Other benefits
include reduction of product weight by almost 10%, reduction of noise during
operation, almost three times higher durability of castings, and six times higher
durability of cutting tools, resulting mainly from the ductile iron machinability
before the heat treatment process [17].

5.2 Types of Cast Iron

High-quality alloys are construction materials whose production complies with all
technological standards leading to a product without defects with properties that
meet the minimum standards. This is also true in the case of iron castings. This study
is largely devoted to the problem of the structure and structure-related properties,
and not to the quality of the technological process, which should always be at the
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highest level. However, it should be remembered that the type of structure formed
during casting solidification and cooling process will have a significant impact on
the properties of this casting, also in the case of the most-advanced cast iron grades
subjected to heat treatment.

5.2.1 Production – Cast Iron Structure

The structure of cast iron can be shaped in a number of different ways. The melt
“refining” processes, the solidification conditions and cooling rate, or control of the
chemical composition are the most important factors, which when properly selected
and monitored will make the control of cast iron properties possible. Therefore,
even a very brief discussion of these issues is extremely important to capture the
differences between cast iron and steel in which the postcasting structure is only of
minor significance.

According to the earlier definition, cast iron is composed not only of iron and
carbon, but also of a number of other elements that always exist in this alloy and
include silicon, manganese, phosphorus, and sulfur. Other elements such as Cu, Ni,
Mo, or Cr are usually regarded as additional alloying additives. Each of them exerts
a greater or lesser influence on the course of primary and eutectic crystallization,
and this influence should always be considered taking into account the content
of individual elements and cooling conditions. Chemical composition has a very
complex effect on the structure of cast iron [20–23] although in this complex system
it is carbon that plays an overriding role in shaping the cast iron microstructure.

Carbon is the main constituent determining the casting, mechanical, and func-
tional properties of cast iron [2]. According to the binary Fe-C phase equilibrium
diagram, the cast iron in a stable system contains at least 2.08 wt.% C (Fig. 5.7)
[14, 16]. However, since it always contains a certain amount of Si and P, the critical
carbon content can vary within a fairly wide range. Due to the strong effect of silicon
and phosphorus on the carbon content at the eutectic point with a tendency to bring
this content to lower values, in practice the so-called carbon equivalent CE is used
[24]. It is a measure of the deviation of the chemical composition of cast iron of its
eutectic composition and is defined as follows:

CE = C + Si + P

3
(5.1)

where C, Si, and P contents are in wt.%. Establishing this value with respect to
the eutectic value of 4.26 wt.% C enables dividing the cast iron into three groups,
i.e., hypoeutectic (CE < 4.26), eutectic (CE = 4.26), and hypereutectic (CE > 4.26)
[14, 19]. Among them, the most popular in industrial practice is the hypoeutectic
cast iron, mainly due to the possibility of obtaining a wide range of in-service
properties. From a production point of view, it is also important whether the cast
iron solidifies in a stable or metastable system. The metastable system is associated
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Fig. 5.7 Phase equilibrium diagram of Fe-C alloys: thin line – Fe-C graphite system; thick line –
Fe-Fe3C system; L – liquid solution; δ – high-temperature ferrite; γ – austenite; α – ferrite; Gr –
graphite. (Based on [14, 16])

with the formation of hard and brittle cementite eutectic, while stable system ensures
the formation of graphite eutectic with precipitates of free graphite. This type of
cast iron is the most widespread and worldwide-appreciated casting material for
structural applications. In a further part of this chapter, this material will be the
main subject of discussion.

An ideal cooling curve and true cooling curve from the liquid of the hypoeutectic
gray cast iron have several differences between the two runs (Fig. 5.8). First, there is
a more or less visible characteristic “isothermal arrest”. According to Karsay [25],
its origin on the true curve is identified with undercooling below the equilibrium
temperature due to which a “driving force” appears in the system to carry into effect
the nucleation of the primary phase, which in the case of hypoeutectic cast iron is
austenite. The rate of solidification at this point becomes quite significant, trying to
compensate for some delay caused by the need to achieve sufficient undercooling of
the liquid alloy. Acceleration of solidification during this period leads to an increase
in temperature in the direction of the equilibrium freezing point, which results
in the effect visible in Fig. 5.8. As a result of further cooling, the alloy reaches
its eutectic temperature. Triggering the eutectic transformation also requires some
undercooling below the equilibrium temperature. Due to the simultaneous formation
of graphite and austenite, the temperature rises again, generating the phenomenon
called recalescence [14, 25]. Depending on the cooling rate, the recalescence can
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Fig. 5.8 Typical run of the ideal and true cooling curve of hypoeutectic gray iron. (Based on [25])

make the solidifying eutectic cast iron reach the equilibrium temperature or remain
below this point. Further cooling is associated with the completion of solidification –
first by one phase (graphite) and later by another phase (austenite) [14]. This
phenomenon evokes some deviations from the ideal cooling curve with a tendency
toward continuous lowering of the temperature.

The above-discussed solidification sequence of the hypoeutectic gray cast iron,
which results in the formation of a primary phase in the form of austenite dendrites
spread against the background of graphite eutectic, is only partly true, and this
is due to the fact that solidification in the systems comprising an eutectic point
takes place under the conditions of so-called competitive growth of two phases.
As a consequence, in the eutectic systems, the type of microstructure depends not
only on the chemical composition of the alloy but also on the rate of growth of
the eutectic mixture and the primary (preeutectic) phase. This means that if the
growth rate of the eutectic is higher than the growth rate of the primary phase, the
obtained microstructure will be fully eutectic. The above is related to the concept
of the coupled zone of eutectic growth, which is understood as a range of the
alloy chemical composition, growth velocity, and temperature gradient, ensuring
the formation of a completely eutectic microstructure – without primary phases,
both pre- and posteutectic. Disregarding any more detailed studies of the eutectic
solidification, which are described in the works of Campbell and Fraś [18, 24], it
should be noted that due to the chemical composition of cast iron approaching the
eutectic composition and the above-discussed conditions of coupled eutectic growth,
the microstructure of cast iron is usually fully eutectic and its dendritic character is
recognizable even after long-term heat treatment processes (Fig. 5.9).
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Fig. 5.9 Model of the primary structure of ductile iron: (a) – model of structure; black fields
between cells are the last to freeze regions (LTF), dashed lines denote dendrite arms; (b) optical
microscopic photo of ADI – Nomarsky contrast. (Author’s own work)

According to the phase equilibrium diagram of Fe-C alloys (Fig. 5.7), at room
temperature, two basic phases containing no alloying additions can coexist in
hypoeutectic gray cast iron. These are the following phases: solid carbon solution in
α iron (ferrite) and graphite (stable system). Alloyed or heat-treated cast iron may
also contain solid solution of carbon in γ iron (austenite) and product of diffusion-
free transformation (martensite). On the other hand, individual constituents of cast
iron can give rise to the formation of two- or three-phase structural constituents, such
as various types of eutectic (graphite, cementite) and pearlite or bainite. Studies of
the cast iron microstructure after casting and cooling at different speeds to ambient
temperature showed the possibility of the formation of different phases in the ductile
iron matrix. The research presented by Rivera [26] indicates the possibility of
obtaining a wide range of matrix types from martensitic, through austenitic-ferritic
and pearlitic up to ferritic in nonalloyed cast iron or in cast iron with low additions
of Ni < 1 wt.%, Cu < 0.7 wt.% and Mo < 0.15 wt.%.

Reducing the wall thickness is tantamount to increasing the casting solidification
and cooling rate, and thus to increasing the homogeneity of the concentration of
elements in cast iron [27]. However, as shown in [28, 29], as the wall thickness
increases, the number of graphite precipitates in the casting decreases. This
promotes the microsegregation of elements, and thus the reduction of mechanical
properties. In turn, a large number of precipitates in the case of a high solidification
rate (smaller wall thickness) means smaller distance between graphite precipitates,
and hence higher chemical homogeneity in microregions. The mechanical properties
were found to be much better in ductile iron castings with thinner walls, than in the
slowly solidifying castings characterized by large and sparsely distributed graphite
nodules [30, 31].
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Fig. 5.10 Graphite classification by visual analysis as per International Standard ISO 945-1:2017
(E): (a) reference images for principal graphite forms in the cast irons from flake to nodular shape
(forms: I, II, III, IV, V and VI), (b) reference images for graphite distribution (type A: random
flake graphite in a uniform distribution, type B: rosette flake graphite, type C: kish graphite
(hypereutectic compositions), type D: undercooled flake graphite, type E: interdendritic flake
graphite (hypoeutectic compositions)). (Based on [14])

5.2.2 Graphite Morphology

Different forms of graphite (flake, nodular, vermicular, chunky, exploded, coral,
etc.) occurring in the cast iron determine its properties (Fig. 2.4), but it was the
discovery of the possibility of making the graphite grow in a spherical form during
the gray cast iron solidification that has opened the way for foundry men not only
to eliminate the inherent brittleness of cast iron, but also to obtain the strength
properties competing with the best grades of steel (Fig. 5.10).

The following factors determine the graphite form in the cast iron: the type and
structure of nuclei, physicochemical factors, and growth conditions in the directions
perpendicular to the graphite crystal walls. According to many scientists [14, 18,
24], the morphology of graphite precipitates is probably most affected by variations
in the speed of crystal growth in different directions, related to both the internal
structure of graphite and external factors. The most important role is attributed to
elements which introduced even in small amounts can clearly change the shape of
graphite precipitates. Thus, Mg, Ce, and other elements promote the formation of
nodular graphite, while Sb, Pb, Al, S, Ti, and Bi facilitate the crystallization of flake
graphite. So far, the mechanism of interaction of these elements has not been fully
explained, but it is known that they exert different effects on the growth rate of

http://dx.doi.org/10.1007/978-3-030-53825-5_2
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Fig. 5.11 Schematic presentation of (a) growth of graphite flake and (b) graphite nodule as a
polycrystal composed of conically coiled layers. (Based on [14])

Fig. 5.12 (a) Scanning electron microscope (SEM) image of nodular graphite in an ausferritic
matrix, (b) light microscope (LM) image of the cross-section through a graphite nodule. (Author’s
own work)

graphite crystals in [0001] and <1010> directions. It is assumed that these elements
may be incorporated into the lattice of graphite or may be selectively absorbed on
the walls of the growing crystal. It seems highly probable that the spheroidizing
elements facilitate the formation of <1010> dislocations, which promote the growth
of graphite crystals in [0001] direction but inhibit this growth in direction. From
Fig. 5.11 [14] presenting the growth of graphite structure, it follows that graphite
flakes in gray cast iron are monocrystals (often bent and branched), while nodular
graphite precipitates are polycrystals (Fig. 5.12).

In contrast to other types of gray cast iron described in the literature [14, 24, 25],
the essence of the solidification of ductile iron is in the special crystallization mode
of graphite in the form of nodules. This graphite crystallizes directly from the liquid,
where its nucleus in the initial stage grows freely as a specific preeutectic phase
and takes on a spheroidal form (Fig. 5.11). The nuclei grow in the space between
the arms of the austenite dendrites formed earlier. This location promotes the
heterogeneous nucleation of the eutectic austenite grains. Austenite grows around
the graphite nodule until its complete closure, contrary to flake graphite whose
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Fig. 5.13 Schematic
presentation of the growth of
(a) flake and (b) nodular
graphite in a eutectic system
with austenite. (Based on
[14])

Fig. 5.14 Two neighboring eutectic cells in the ductile iron with a pearlitic-ferritic matrix.
(Author’s own work)

growth precedes the build-up of austenite (Fig. 5.13) [14], forming a notch stress
at the tip of a sharp precipitate. After losing contact with the liquid, the growth
of the nodule takes place through the diffusion of carbon from the surrounding
austenite. Together with the austenite envelope, after solidification the flake or
nodular graphite forms a characteristic structure commonly known as eutectic cell
(Fig. 5.14). From now in this chapter, the product of eutectic transformation in the
form of a mixture of phases will be referred to as a eutectic cell.

5.2.3 Influence of Chemical Composition – Microsegregation

The primary microstructure of ductile iron is one of the most important factors
affecting the final properties of cast iron in both as-cast state and after heat treatment
(or after other technological treatments). Therefore, its shaping through properly
chosen chemical composition, and especially striving for maximum microstructural
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Fig. 5.15 Diagram of ductile iron structure and microsegregation of its constituents. Eq. (5.2)
y1 = ax2 + bx + c; Eq. (5.3) y2 = cexp(ax2 + bx). (Based on [21])

homogeneity of the distribution of elements in a volume of the alloy, is of particular
importance in the overall production process.

When analyzing the microstructure of ductile iron after solidification, it is
convenient to use the model shown in Fig. 5.15 [21]. As demonstrated by Sękowski
and Pietrowski [21, 23], a specific type of microsegregation occurs in cast iron,
described by Eq. (5.2) for noncarbide forming elements and by Eq. (5.3) for
carbide-forming elements (Fig. 5.15). Microsegregation raises the concentration of
molybdenum, manganese, and carbon at grain boundaries and causes enrichment in
silicon, nickel, and copper in areas close to graphite nodules. This has its reflection
in the changes that occur when the structure becomes so complex as it starts
cooling down to ambient temperature. The elements present in cast iron, having
a definite influence on the formation of individual phases, also interact with each
other, weakening or strengthening the corresponding transformations. For example,
high silicon content promotes carbon activity, while Cu and Ni counteract the
carbide-forming tendency of molybdenum. However, it should be remembered that
microsegregation, which is a diffusion-controlled process and depends primarily on
the cooling rate, is also a function of the size of graphite nodules and internodular
spacing. In turn, the cooling rate affects not only the speed, and hence the extent of
diffusion, but also the degree of dispersion of phases and structural constituents.
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Fig. 5.16 Concentration model of an idealized eutectic cell and ductile iron structure: lines of
equal concentration of manganese. (Based on [23])

Adopting Sękowski’s idealized model of ductile iron microstructure as a set of
eutectic cells [23], one can illustrate in a simplified way the microsegregation of
individual elements (Fig. 5.16). It is easy to notice that microsegregation will be
significantly affected by the distance between adjacent graphite nodules. Hence it
follows that the refinement of nodular precipitates of graphite and an increase in
their number should be the main technological guidelines in an attempt to reduce
the intensity of the microsegregation of elements in ductile iron. The presence of
a given element in an appropriate concentration or absence of this element also
contributes to changes in the intensity of the microsegregation in cast iron. However,
in terms of the microstructure homogenization, the most problematic is control of
the increasing concentration of elements at the boundaries of austenite dendrites or
eutectic cells [32]. Proportionally, heterogeneity occurs in the mechanical properties
transferred from the microscale (e.g., different properties at the boundaries and in
the centre of eutectic cells) to the macroscale, determining the properties of finished
castings through different structures formed in the matrix of cast iron.

5.2.4 Importance of As-Cast Matrix Microstructure

As already discussed, the microstructure of gray cast iron is composed of graphite
embedded in a metal matrix. Although the degree of spheroidization, and the size
and distribution of graphite precipitates are extremely important features, the type
of cast iron matrix is undoubtedly equally important. A ferritic, ferritic-pearlitic,
pearlitic, martensitic, or bainitic matrix surrounding the graphite precipitate is the
result of various treatments used by the foundry men to obtain the desired properties
of cast iron during solidification and cooling. Appropriate control of chemical
composition is the simplest method that allows obtaining practically all of the above
mentioned types of microstructure.
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Fig. 5.17 Synergic influence of Ni, Mo, and Cu and casting wall thickness “S” on the microstruc-
ture of ductile iron in as-cast state at a constant content of 3.4 ± 0.10 wt.% C, 2.75 ± 0.10 wt.%
Si, 0.35 ± 0.05 wt.% Mn, 0.045 ± 0.005 wt.% Mg. C molybdenum carbides, P pearlite, F ferrite,
BU upper bainite, BL lower bainite, M martensite. (Based on [20])

Microstructures that provide the highest strength properties, i.e., bainitic,
pearlitic, or martensitic, are easy to obtain after casting by application of special
technological treatments. For example, the addition of an appropriate amount of
nickel to ductile iron produces a wide range of microstructures even in the as-
cast state [20, 34]. A double or triple combination of Ni, Cu, or Mo as alloying
additives can produce similar effects, but it must be economically viable. Therefore,
the method of obtaining the required as-cast microstructure, and thus the required
properties, through the introduction of a significant amount of alloying additives is
usually applied to castings massive or with intricate shapes, in the case of which the
heat treatment is either difficult or even impossible. In several studies presented by
Pietrowski [20, 21, 32], a detailed description of the type of microstructure obtained
by adding an appropriate amount of alloying constituents to ductile iron was
provided. The nomogram in Fig. 5.17, developed as the result of extensive research,
perfectly reflects the possibilities of using the above-mentioned treatments. It
directly indicates that for the decreasing wall thickness, the range of bainitic
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Fig. 5.18 (a) Ferritic-pearlitic and (b) pearlitic-ferritic matrix in ductile iron. (Author’s own work)

Fig. 5.19 Pearlitic matrix in gray cast iron with flake graphite. (Author’s own work)

microstructure with the best mechanical properties narrows, while the range of the
bainitic-martensitic or martensitic microstructure becomes wider.

The functional properties of castings depend to a large extent on the type of metal
matrix present in ductile iron. In terms of the matrix type, the ductile iron is divided
into austenitic, ferritic, ferritic-pearlitic, or pearlitic. The matrix may also comprise
bainite, ausferrite, or tempered martensite. However, controlled solidification and
cooling of ductile iron usually shape its matrix as a mixture of pearlite and ferrite
(Fig. 5.18). In the as-cast state, the fully pearlitic matrix is obtained either by
sufficiently rapid cooling or, in the case of castings with thick walls, by introducing
pearlite-forming alloying elements, such as Cu, Sn, Cr, or Ni (Fig. 5.19). Due
to them, immediately after casting, the highest ductile iron grades are produced
(Table 5.2) [25, 36, 37]. To obtain yield strength above 420 MPa it is necessary to
either introduce a certain amount of alloying elements to the ductile iron or carry
out an appropriate heat treatment [16].
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Heat treatment can totally remodel the matrix structure without affecting the
graphite precipitates in gray cast iron. It is usually applied to correct the microstruc-
ture (e.g., to dissolve carbides) or to improve the required properties of the casting
(e.g., to increase hardness). However, heat treatment must always be economically
justified. The correct cast iron microstructure should normally be obtained imme-
diately after casting, but if for some reason it is not possible to provide in this way
the desired properties or the customer explicitly wishes a specific type of the heat
treatment to be performed on the cast iron, the heat treatment must be carried out
in order to obtain a pearlitic, martensitic, or ausferritic matrix. This aspect of the
ductile iron heat treatment is taken into account when the austempered ductile iron
is produced. The process of making castings from this material has opened a new
chapter in the production of cast iron as a technology having undoubtedly its place
in the “high-tech” row. This is well illustrated by the division of cast iron grades
with respect to graphite shape and matrix type according to European standards
(Table 5.2).

5.3 Modern Heat Treatment of Cast Iron

The microstructure formed during solidification and cooling has a fundamental
effect on the properties of cast iron. Searching for higher strength and plasticity or
adding special properties to cast iron is the reason why heat treatment has become a
very important factor in the development of the production of iron castings.

Due to the discovery of the nodular form of graphite, cast iron was started to be
perceived as a plastic material and for a long time the heat treatment was considered
unnecessary, especially that it considerably increased production costs. This is
particularly well visible on the example of malleable cast iron, where long-lasting
(>30 h) high-temperature annealing gives the same properties as the properties
obtained in as-cast ductile iron. Heat treatment primarily affects the gray cast iron
matrix, so it should be remembered that only with the nodular shape of graphite one
can take full advantage of the microstructure modification. Although heat treatment
is also carried out on gray iron castings with flake graphite or vermicular graphite,
these are still only scientifically important processes.

5.3.1 Normalizing and Toughening

Normalizing, hardening, and toughening are carried out to increase the strength
and resistance to wear. All these thermal processes have been known and used for
decades but due to their existence; today modern cast iron grades are often obtained,
e.g., by incorporating a conventional thermal cycle into innovative heat treatment
[34]. Heat treatment is also applied for technological reasons as a means to get
a homogeneous postcast structure in castings or to reduce the residual stresses to
minimum.
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Fig. 5.20 Pearlitic (a) and martensitic (b) matrix of ductile iron. (Author’s own work)

The outcome of “normalizing” is homogenization of the chemical composition
and obtaining a matrix composed of highly dispersed pearlite (Fig. 5.20a). The
treatment consists in annealing castings at a temperature higher by approximately
80 ◦C than the critical temperature (820–900 ◦C for gray cast iron and 870–925 ◦C
for ductile iron) followed by rapid air cooling. The rapid air cooling treatment
can be applied immediately after casting by knocking out the cast item from the
foundry mold. In this way, higher strength and hardness are obtained. Normalizing
is often required to dissolve carbides or to reduce the microsegregation of elements
in castings with thick walls.

“Toughening” is applied when castings are expected to offer the yield strength
and elongation higher than the standard grades, including grades after normalizing
treatment, e.g., EN-GJS-800-2. This type of heat treatment is based on quenching
followed by tempering. Tempering also removes quenching stresses and improves
fracture toughness.

Rapid cooling ensuring the austenite → martensite transformation is usually
carried out in an oil bath from the casting annealing temperature, i.e., from the
temperature higher by 30–100 ◦C than the critical temperature, for a time depending
on the type of cast iron. The presence of graphite distinguishes cast iron from steel
and makes the holding time longer. The time taken by the austenite to get saturated
with carbon amounts to about 10 min for the cast iron with ferritic matrix and flake
graphite and up to 80 min for the cast iron with nodular graphite [14]. The shorter
the time, the higher is the temperature of annealing and the larger is the graphite-
austenite interface, i.e., the finer are the precipitates of graphite. In a pearlitic matrix,
the complete transformation into austenite will proceed faster than in the ferritic
matrix. For these reasons, the hardness of cast iron is much more sensitive than
the hardness of steel to the time and temperature of annealing prior to quenching.
The presence of graphite-austenite phase boundaries and surface development also
affect the rate of matrix transformation into austenite. Therefore, gray cast iron with
flake graphite shows lower hardenability than the spheroidal graphite cast iron of
the same chemical composition.
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Fig. 5.21 Hardness of cast iron as a function of tempering temperature. (Based on [14, 35])

Quenching produces a martensitic matrix, providing high hardness levels to the
castings (Fig. 5.20b), but it is tempering that ultimately shapes the final properties of
castings, which largely depend on the time and temperature of this treatment. When
high hardness and abrasion resistance are required, castings are subjected to low-
temperature tempering (180–250 ◦C). On the other hand, high fracture toughness
requires tempering carried out at high temperature (550–650 ◦C) (Fig. 5.21) [14,
35]. After these processes, slow cooling to ambient temperature is recommended to
minimize the level of internal stresses. A special feature of cast iron tempered at a
temperature above 500 ◦C is the occurrence in the structure of a new constituent,
namely the secondary graphite [35]. It has the form of small spheroids evenly
distributed in the matrix.

5.3.2 Austempering of Cast Iron

Austempering of cast iron is primarily the heat treatment of ductile iron; hence
the product has the well-known name austempered ductile iron (ADI). Other types
of gray cast iron, i.e., with vermicular or flake graphite, are also subjected to this
treatment for better resistance to wear or fracture toughness [16, 31]. In this part of
the chapter, however, the description of ADI will prevail, bearing in mind the fact
that it is the cast iron most popular in today’s research.

ADI is a construction material that still arouses the curiosity of scientists and the
interest of practitioners. Perhaps that is why new ideas and scientific research aimed
at further improvement of its properties still appear [14, 15]. This is particularly
important in the aspect of the ADI implementation into practical use. It is enough to
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mention that since 2000 the production of this casting material in the world has been
increasing at a rate of several tens of thousands of tons per year [16]. This proves
the great interest in ADI of the casting users who see the opportunity to make from
this material a large variety of parts of machinery and equipment operating in the
automotive, railway, agricultural, and defense industries.

Austempered ductile iron is classified according to European and American
standards [36, 37]. A characteristic feature of this material is the combination of
high plastic and mechanical properties, comparable to many grades of steel. It has
high mechanical properties owing to the properly conducted heat treatment, which
consists of austenitizing and austempering operations. Both these operations are
extremely important from the point of view of changes occurring in the microstruc-
ture over time and reflected in the changing properties of ADI. Austenitizing
primarily determines the carbon content in austenite, while austempering following
rapid cooling from the austenitizing temperature ultimately shapes the mixture of
ferrite and austenite called ausferrite. The term ausferrite was first used in Poland
at the 20th Steel Casters Conference in Raba Niz̈na, 1997 [16]. Ausferrite with a
specific morphology and proportions of individual phases at ambient temperature is
the mixture responsible for ADI properties (Fig. 5.22).

The process of heat treatment of ductile iron seems to be very simple with regard
to both performance and desired effects. However, as the research shows [33], it is
not always possible to meet the minimum property criteria specified by the standard.
In the context of this study, it seems interesting to accurately present the kinetics of
the formation of phases in ADI together with their characteristics.

Fig. 5.22 Typical microstructure of austempered ductile iron (ADI). γ austenite, α ferrite plates.
(Author’s own work)
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5.3.2.1 Austenitizing

Both temperature and time of the austenitizing treatment exert a significant effect
on the carbon content in the austenite which forms around the graphite nodules in
cast iron. The content of carbon determines the course of subsequent heat treatment
and, as a consequence, affects the mechanical properties of cast iron.

By temperature setting it is possible to adjust the value of the equilibrium carbon
concentration in austenite, while time decides if and when this equilibrium occurs.
The higher the austenitizing temperature, the faster is the process of the carbon
saturation in austenite. The solubility of carbon originating from graphite particles
also increases. Austenite becomes more homogeneous and its grains start growing
[38].

The relationship between austenitizing temperature and carbon content in austen-
ite is well known [29]. For Fe-C-Si alloys, this value can be calculated from equation
[29]:

CA
γ = TA

420
− 0.17(Si) − 0.95 (5.4)

where

CA
γ – carbon content in austenite at austenitizing temperature in wt.%

TA – austenitizing temperature [◦C]
Si – content of the alloy is also in wt.%

Using this equation, a graph was developed showing influence of the austeni-
tizing temperature TA on carbon concentration in γ iron (Fig. 5.23). The graph is
consistent with the experimental results [40].

With a sufficiently long time of austenitizing, an equilibrium carbon content
can be obtained in the resulting austenite. There is no doubt that longer time of
austenitizing makes the distribution of alloying elements in austenite grains more
homogeneous and may contribute to the decomposition of carbides occurring in the
microstructure of cast iron.

Both chemical composition and initial microstructure of cast iron are very impor-
tant factors determining the effectiveness of austenitizing process. The pearlitic
matrix of cast iron allows for faster C saturation in austenite than in the ferritic
matrix. The factor responsible for this phenomenon is the difference in the kinetics
of the transformation of pearlite and ferrite into austenite. The rate of C saturation
in austenite also depends on the size and distribution of graphite nodules present
in the microstructure. The larger the volume of graphite nodules and the smaller
the distance between them, the shorter is the time needed by the austenite to get
saturated with carbon. With the small internodular spacing, austenite will achieve
the equilibrium carbon concentration in a shorter time. In addition to carbon, the
most important constituent of cast iron is silicon. Its task is not only to reduce
the carbon content in saturated austenite, but it also increases the temperature of
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Fig. 5.23 Graph illustrating the relationship between austenitizing temperature and maximum
carbon content in austenite. Carbon concentration in austenite calculated from Eq. (5.4) for the
silicon content of 2.65 wt.%. (Based on [20, 40])

eutectoid transformation and extends the critical temperature range. Chromium
also increases this temperature, whereas manganese and nickel reduce its value
[18]. The presence of copper and nickel in cast iron has some influence on the
austenitization process. Saturation of austenite with carbon depends on time and
proceeds most intensely in the initial stage of this process. Cast iron containing
nickel and copper takes longer time to reach the equilibrium carbon concentration
in γ iron. However, studies conducted by Darwish and Eliott suggest that it is the
austenitizing temperature and not the presence of alloying elements that is most
critical in achieving the equilibrium carbon content in austenite [41].

In practice, austenitizing of cast iron is carried out in the temperature range of
850–930 ◦C, i.e., at a temperature by about 30–100 ◦C higher than the critical tem-
perature (upper limit in the temperature range of eutectoid transformation). During
heat treatment of ductile iron, the austenitizing temperature TA is usually selected
taking into account the microstructure of cast iron. The selected time of treatment
depends on the chemical composition of cast iron and casting microstructure before
austenitizing, based on the casting wall thickness, typically in the range of 48–150 s
per 1 mm of the raw casting wall section [30].

5.3.2.2 Austempering

After austenitizing, austempering is carried out, i.e., rapid cooling of the casting
to the temperature at which the isothermal transformation takes place (Fig. 5.24).
The process starts with the nucleation and growth of ferrite plates forcing carbon
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Fig. 5.24 Schematic diagram showing heat treatment steps during production of austempered
ductile iron; PS the beginning of pearlite transformation, BS, BF the beginning and end of bainite
transformation, respectively, FS, FF the beginning and end of ausferrite transformation

migration to the surrounding austenite. The transport of carbon continues until a
high degree of C saturation in austenite is achieved to make it stable both thermally
and mechanically. According to some researchers, the process of “pumping”
carbon into austenite during the growth of ferrite plates enables achieving carbon
concentrations of up to 2.2 wt.% [42, 43]. This transformation stage is characterized
by the achievement of an appropriate ferrite-to-austenite content ratio. Depending
on the temperature of the transformation, the annealing time and the homogeneity of
austenite before isothermal transformation, the resulting microstructure may have a
diverse morphology.

5.3.2.3 Kinetics of Isothermal Transformation

In ductile iron, the isothermal transformation occurs in two stages illustrated in
Fig. 5.25, which can be written down in the following form:

Stage I ⇒ γ 0 → γHC + α (5.5)

Stage II ⇒ γHC → α + carbides (5.6)

where:

γ 0 – primary austenite
γ HC – stable (high carbon) austenite
α – lamellar ferrite
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Fig. 5.25 The typical microstructures of austempered ductile iron are shown: (a) temperature
of isothermal transformation Tit = 350–400 ◦C; (b) temperature of isothermal transformation
Tit = 260–350 ◦C [44]. (Author’s own work)

The primary austenite γ 0 with the lowest carbon content is transformed into
ferrite plates and high-carbon austenite γ HC. This process begins at the graphite-
austenite and austenite-austenite phase boundaries and on the previously formed
ferrite plates [44]. During growth of ferrite plates, carbon starts diffusing into
the austenite retained in the space between the plates and the process continues
until full stabilization is obtained. The end of austenite saturation with carbon to
a certain level of concentration and entering the period of the structural stability
α + γ HC (ausferrite) opens the range of the so-called processing window (tit1 to
tit2) [44]. Annealing for a time longer than tit2 results in the precipitation of carbides,
which is the phase undesired in the ADI microstructure. During transformation at a
temperature of 350–400 ◦C, i.e., after the time tit2, the precipitation of ε carbide or
cementite starts at the α / γ HC interface, leading to the formation of microstructure
characteristic of the upper bainite (Fig. 5.25a). Lowering the temperature of
austempering reduces the amount of austenite and widens the “processing window”
[41]. For this temperature, longer time tit2 is associated with the formation of lower
bainite with ferrite morphology (Fig. 5.25b), comprising plates with a thickness of
several ten to several hundred nanometers. The low temperature of transformation
reduces the diffusion rate and prevents carbon transport over long distances, which
results in the formation of carbides not only at the α/γ HC phase boundaries, but also
inside the ferrite grains.

Studies of various types of cast iron confirm the important effect of chemical
composition (especially of alloying additions) and of the austenitizing and austem-
pering temperature on the “processing window” [44, 45]. The research described
in [44] shows that increasing the content of alloying additions prolongs the time
and reduces the temperature of a stable “processing window.” A similar result is
obtained by increasing the austenitizing temperature.
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5.3.2.4 Temperature and Time of Austempering

The close dependence of mechanical properties of austempered ductile iron on the
parameters of the austempering process determines the choice of temperature and
duration of this treatment. Tensile strength and ductility are the most important
properties of ADI. Knowing that there is a direct relationship between these
properties and the content of different phases in the ADI matrix [46, 47], it is
possible to control these properties through control of the content of these phases.

The time/temperature relationship between isothermal transformation and
austenite content in the ADI microstructure described by Dymski [48] can be
illustrated with appropriate measures of strength or elongation (Fig. 5.26) [48]. The
next graph (Fig. 5.27) shows the change of carbon content in austenite depending
on the temperature and time of austempering. Increasing the austempering time
in the range of 15–240 min results in the increase of austenite saturation with
carbon, the increase being most pronounced in the initial period of isothermal
transformation. In turn, the highest saturation of austenite with carbon is observed
during austempering at 300–350 ◦C. The degree of this saturation assumes lower
values for the temperatures lower and higher than the indicated range. The lower
the transformation temperature, the lower is the diffusion rate, the smaller is the
size of its products, and the higher is the dislocation density and phase dispersion.
All these factors strengthen the heat-treated cast iron.

Fig. 5.26 Austenite content (in vol.%) in the ADI matrix as a function of austempering time and
temperature. (Based on [48])
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Fig. 5.27 Carbon content (in wt.%) in the ADI matrix as a function of austempering time and
temperature. (Based on [48])

And yet, proper selection of the time of austempering may be difficult due
to the postcasting chemical composition of the cast iron in microregions. The
range of the “processing window” is not always open, which means that the
same transformations may not occur simultaneously in the entire volume of the
microstructure. At the temperature of the isothermal transformation, there may be
permeating areas of austenite still in the process of being saturated with carbon
(reaction in Eq. 5.5) and of high-carbon austenite, in which phase II of the
transformation has already started (reaction in Eq. 5.6). Differentiation of chemical
composition, and especially the content of strongly segregating elements, may
be another reason for the modification of “processing window.” The velocity of
reactions (Eq. 5.5) and (Eq. 5.6) may be different due to the chemical heterogeneity
of eutectic cells and individual phases. Of particular importance here is the uneven
distribution of carbon on the cross-section of austenite grains.

5.3.2.5 Mechanical Instability of Austenite

Studies of ausferrite freezing processes indicate that the austenite→martensite
transformation at temperatures below MS occurs only in selected areas of the
microstructure, i.e., in the block type austenite (Fig. 5.28). These places are also
privileged places for the deformation-induced transformation [19, 49–52]. As a
result of this transformation, hard high-carbon martensite is formed. This effect is
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Fig. 5.28 Martensite in the fields of primary block austenite in ausferritic ductile iron. (Author’s
own work)

Fig. 5.29 The deformation zone formed on the surface of ausferritic ductile iron as a result of
Rockwell hardness measurement; LM, x50, Nomarsky contrast. (Author’s own work)

well visible under the microscope in samples subjected to hardness measurements
during which the steel indenter permanently deforms the material (Figs. 5.29 and
5.30), creating a zone of plastic deformation around the impression. Martensite
formed under the indenter of the hardness tester also creates problems in finding
an unambiguous relationship between hardness and austenite content in ausferrite
(Fig. 5.31) [33]. The same effect is also observed in other tests, e.g., in static tensile
test, resulting in the occurrence of martensite on the fracture of samples which
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Fig. 5.30 Martensite in the ausferritic matrix of austempered ductile iron after deformation in
Brinell hardness measurement: (a), (b) scanning electron microscopy, (c) transmission electron
microscopy. (Author’s own work)

Fig. 5.31 Dependence of
austenite content in ausferritic
ductile iron on its hardness
HRC based on the data
contained in [20, 21, 29,
32–34, 41, 44–52]
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failed during the test [48]. Martensite of this type may also appear during sample
preparation and during cutting and abrasion processes [50]. Therefore, based on
the transmission electron microscope (TEM) images and X-ray diffractograms, it is
difficult to find out whether the examined martensite is a product of transformation
induced by the technological process or the result of an incorrect preparation of
samples.

The phenomenon described above is related to the problem of obtaining in
the material the value of stress or strain which will initiate the transformation of
austenite into martensite. This phenomenon occurs in austenite-containing steels
and is known as the transformation-induced plasticity (TRIP) effect.

5.3.2.6 Variations of Austempering Treatment

The tendency of austenite with low mechanical stability to deformation-induced
transformation is also observed in other technological deformation processes that
are not described in this chapter. Investigating the initiation of this transformation
by appropriately high stresses and above all plastic deformation, it can be concluded
that the transformation can occur in both surface and bulk deformation processes.
The analysis of processes occurring in the entire volume of material is more difficult
and requires studies of phenomena related to fracture mechanics, allowing for the
microstructural heterogeneity of cast iron, casting defects, the presence of graphite,
etc., during fatigue or fracture toughness testing. A general statement that can be
formulated based on the analysis of the literature and the author’s own research
is that by minimizing the possibility of the occurrence of TRIP effect, one can
obtain an improvement in the “bulk” mechanical properties of ductile iron. Any
mitigation of the effect of this phenomenon has its source in the refinement of
the ausferritic microstructure and in reducing the content of austenite with low
mechanical stability.

As a result of studies of the ausferritic ductile iron, it was found that the value of
the strain-hardening exponent n increases linearly with the increasing temperature
of austempering. Based on this statement, it has been concluded that n will reach
its maximum under the conditions of high austenite content, coarse ferrite, and high
temperature of isothermal transformation, while the minimum will fall to the low
austenite content and fine ferrite. This is confirmed by the dependence derived by
Hayrynen et al., which enables the yield strength to be determined from the size of
ferrite plates and the austenite content in matrix [53]:

σ = AL-1/2 + BXγ + C (5.7)

where:

σ – yield strength
L – size of ferrite plates
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Xγ – austenite content
A, B, C – constant values

The dependence shows that it is the size of lamellar ferrite precipitates that
controls the value of elastic stress in ausferritic ductile iron. This means that the finer
the plates of ferrite in the cast iron matrix, the higher are the strength properties.

Studies on this issue were undertaken and reported in the literature. They
were limited to special processes of the heat treatment of ductile iron. The main
aim was to refine the microstructure of the cast iron matrix. The refinement was
obtained through, higher than in standard processes, undercooling in the first stage
of isothermal transformation during two-step austempering (Fig. 5.32) [54, 55]
or by conducting low-temperature long-duration thermal processes under special
conditions of chemical composition and temperature. These processes of obtaining
nanostructural ausferrite is well documented (Fig. 5.33) [56].

It has been reported that compared to the common heat treatment process,
undercooling of austenite to a lower temperature of austempering in the first stage of
isothermal transformation results in the refinement of ausferrite grains. This reduces
the thickness of ferrite plates and thus refines the ausferrite [54]. Also, it has an
impact of obtaining slightly higher content of retained austenite compared to the
conventional process. The higher retained austenite content and the higher degree
of ferrite fragmentation in ausferrite according to relationship in Eq. 5.7 increase
the value of the yield strength.

Fig. 5.32 Schematic diagram of a two-step austempering process to obtain ausferritic ductile iron
[37]
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Fig. 5.33 Nanoausferritic structure of ductile iron matrix – a mixture of ferrite and retained
austenite plates [56]

The microstructure obtained in the two-step process reduces the strain hardening
exponent n and prevents the achievement of high elongation values (above 11%)
in the quasistatic tensile test of cast iron [54]. Hence, it follows that increasing
the content of stable retained austenite at the expense of mechanically less stable
retained austenite will not be synonymous with improvement of the cast iron plastic
properties. It can, therefore, be assumed that it is the mechanism of the deformation-
induced martensitic transformation, dependent on the content and stability of
retained austenite in the ausferritic microstructure, that is largely responsible for
the obtained properties.

5.3.2.7 The Role of Chemical Composition

The choice of cast iron chemical composition to obtain ADI is not always similar
to the composition of standard ductile iron grades. The first and one of the most
important tasks is to determine the content of basic elements in such a way as to
ensure the best possible spheroidization of graphite and the desired type of metal
matrix. On the other hand, the quantity of these elements should be such as to
counteract the formation of carbides or the tendency to form casting defects. The
next task is to control the content of alloying additions, which determines the quality
of the microstructure obtained in castings with different wall thicknesses, or to
control different cooling rates in casting during austempering.

Austempering of gray nonalloyed cast iron in salt baths is effective only for
castings with wall sections thinner than 10 mm (Fig. 5.34) [44]. A slight increase in
hardenability occurs when the temperature of the austempering treatment is reduced
(up to 30 mm at 250 ◦C). In the case of using a heating medium other than the
salt bath, e.g., a fluidized bed, or in the case of castings with heavy wall sections,
obtaining the correct ausferritic microstructure is possible primarily through the
introduction of alloying additions [15, 21, 25, 44]. For isothermal transformation,
popular and important elements are nickel, copper, and molybdenum added sepa-
rately or in various combinations.
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Fig. 5.34 Influence of
austempering temperature on
critical diameter for
hardenability of ductile iron
castings. (Based on [44])

Fig. 5.35 The effect of molybdenum, nickel, and austempering temperature on critical diameter
[57]

All the elements mentioned above are introduced primarily to increase the
stability of austenite undercooled in the temperature range of pearlite transforma-
tion. Introduced together or separately, they increase the hardenability and critical
diameter (Fig. 5.35) [57].

The strongest effect on the transformation of undercooled austenite is exerted by
molybdenum or its combinations with nickel and copper. The Mo content in ductile
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iron is usually limited to ≤0.3 wt.% due to its very strong tendency to segregation
and formation of (FeMo)3C carbides at the boundaries of eutectic cells [32]. Starting
with the molybdenum content in cast iron of about 1 wt.% Mo, carbides of the
(FeMo)3C6 and Mo2C type can also appear [32].

The composition of ductile iron is usually enriched with 1.5% Cu, up to 4 wt.%
Ni and up to 0.3 wt.% Mo. It is assumed that 1.5 wt.% of copper is equivalent
to 0.3% Mo. It is, however, recommended to avoid introducing the maximum
amount of copper due to its despheroidizing effect [10]. According to Pietrowski
[32], copper in ductile iron changes essentially the course of pearlite and bainite
transformation. In the temperature range of bainite transformation, copper increases
the stability of austenite, slowing down the process of its decomposition.

Nickel added in an amount of up to 1.5% has no significant effect on the increase
of austenite stability in the temperature range of pearlite transformation and in
an amount of up to 1.0 wt.% in the temperature range of bainite transformation.
Copper has similar effect as nickel, and hence cases are known of Ni being replaced
with Cu or of both elements co-existing in the cast iron matrix to additionally
counteract the formation of molybdenum or manganese carbides [29]. Like copper,
nickel reduces the rate of austenite transformation and inhibits its decomposition
in Stage II according to reaction in Eq. (5.6). Limitations in the use of Cu and Mo
practically make nickel the choice of element that controls the microstructure of
ductile iron. There are a few publications [e.g., 32] illustrating the effect of nickel
(at a constant content of about Cu and Mo) and wall thickness in ductile iron castings
on the microstructure obtained during cooling in the air below 750 ◦C. This is an
example of the possibility of obtaining the ADI microstructure in cast iron of a given
chemical composition when cooled in the air or in a casting mold.

5.3.3 Direct Austempering of Ductile Iron

“Direct austempering” is a specific process of alloy heat treatment, which consists
of a controlled isothermal quenching carried out during casting cooling immediately
after its solidification. The process has been studied for over a dozen years in
numerous research and development centers for various types of foundry materials
[42, 43, 58–60].

Increasing the cooling rate of casting from the solidus temperature, done by
knocking out the casting from mold and cooling it down in the air or quick cooling
to a predetermined temperature, is a well-known method of controlling the metal
microstructure. This procedure is usually applied to aluminum alloys to simplify the
heat treatment cycle and increase the hardness of the parts obtained. The solution
heat treatment of aluminum alloys directly after casting is to some extent similar to
the direct hardening of iron alloys. In this case, rapid cooling (e.g., in water) of an
aluminum casting with a temperature below the solidus line is used immediately
after removal from the casting mold (metal mold in this case). In contrast to
austempering, this type of a fast cooling of Al alloys leads to a saturation of the
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casting with alloying constituents which, during later aging, gives rise to the effect
of precipitation hardening. This process is slightly different in the case of direct
austempering.

It is a well-known fact that when the cast iron cools down from the temperature
of 1130–1150 ◦C, the casting “passes” through a temperature range of 950–815 ◦C,
which is the range used for the austenitizing process during conventional heat
treatment of ADI. So it seems logical to remove the hot casting from the mold in this
temperature range and subject it to rapid cooling to a temperature at which it will
be austempered. In this way it is possible to avoid cooling of casting and reheating
it to the austenitizing temperature (Fig. 5.36).

It should be emphasized how important and beneficial this simplified heat
treatment is. It is an indisputable fact that in addition to the appropriate properties,
the attractiveness of the product also depends on its price. In the case of ADI,
the cost calculation depends on several fixed factors at individual stages of the
technological process. Heat treatment of ductile iron is still a very expensive element
of the whole technological process. Therefore, its simplification, e.g., through the
use of direct austempering, leads to significant savings, which are composed of a
number of factors:

– Significant savings of electricity, which would have to be used to reheat the
castings to the austenitizing temperature, and consequently reduced volume of
raw materials necessary to produce such energy, less harm to the natural environ-
ment and lower environmental pollution associated with electricity generation in
conventional power plants

– Elimination of additional equipment for high-temperature heat treatment, which
is very important for production plants with limited resources of specialized
equipment and funds for their purchase

Fig. 5.36 Comparison of the conventional heat treatment cycle and direct austempering of ADI.
(Author’s own work based on [26, 61–63])
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– Saving space, which would be occupied by devices for the austenitizing treatment
– Significant time saving of product manufacture, which should be expected

especially in large-lot orders
Clearly defined benefits resulting from direct austempering are not, however,

equivalent to obtaining the construction material with the desired in-service
mechanical properties. Detailed analysis of the phenomena which occur during
cooling and subsequent heat treatment and of the processes that occur during
direct austempering suggests the possibility of some structural differences that
may be reflected later in the properties of ADI castings. Although it is difficult
to determine which of them and in what way (positive or negative) will affect the
in-service mechanical properties of castings, from a production point of view this
technology seems very interesting.

Owing to the research made in various scientific centers around the world,
several ways of conducting the direct austempering process of ductile iron castings
are known, to mention the use of metal molds, sand molds and the full mold
process. The experience gained during their implementation allows describing
the transformations and phenomena that accompany the ductile iron direct heat
treatment process.

5.3.3.1 Microstructure and Properties

The description of the direct austempered ductile iron (DADI) microstructure should
start with the statement that this microstructure is shaped in a different way than
the microstructure of conventional ADI cast iron. The main reason is the lack of
typical austenitizing treatment, i.e., absence in the direct cycle of the eutectoid
γ ↔ α + Fe3C transformation. The microstructure of DADI rather retains its
original character, which means that it consists of austenite dendrites and eutectic
cells on a microscale and of “macrocells” on a macroscale [26, 61]. Isothermal
transformation does not exert a great influence on the structure modification, and,
therefore, the primary microstructure should be expected after the casting has cooled
down to ambient temperature (Fig. 5.9). The result may be greater heterogeneity in
the chemical composition of ductile iron matrix, larger dimensions of products of
the isothermal transformation, and directional character of the microstructure.

Rapid cooling of the casting from the temperature below the solidus line
results in a specific “freezing” of the DADI primary microstructure, preventing
the diffusion of its constituents, carbon in particular, at the temperature of the
austenitizing treatment and lower temperature. This phenomenon results in greater
homogeneity of the matrix in the vicinity of graphite precipitates than in the
case of the usual cooling of cast iron during which the graphite nodules grow
at the expense of carbon present in the surrounding matrix. The austenitizing
treatment used in the conventional cycle makes the cast iron matrix homogeneous
by redistribution of carbon, including partial dissolution of graphite nodules [32].
During the direct heat treatment of ductile iron, this effect will not occur. It should
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Fig. 5.37 Microstructure of DADI cast iron (austempering temperature = 300 ◦C,
time = 90 min.). (Author’s own work)

be noted that in the case of DADI, there is also absence of carbon diffusion
toward the graphite nodules during slow cooling of the casting from the solidus
temperature to ambient temperature. This leads to a “bull eyes” structure. It can,
therefore, be assumed that in DADI the concentration of carbon in the vicinity
of graphite precipitates should be comparable to ADI or even higher. Images of
the microstructure of samples taken from DADI under identical conditions with
ADI (austempering temperature = 300 ◦C, time = 90 min.), shown in Figs. 5.37,
confirm these assumptions. It follows that in the case of conventional treatment, the
transformation rate near the graphite/austenite interface must be high since products
of this transformation show a high degree of refinement. The high rate of austenite
transformation into ferrite suggests a lower carbon content in the microregions or
higher silicon content allowing for the occurrence of this kinetics. Hence it follows
that the extent of homogenization of the DADI matrix can be equal to that of ADI
or possibly even higher.

The phenomena that occur at the boundaries of eutectic cells or dendrites may
assume the course slightly different than in the case described above. Austenitization
of ductile iron, carried out during conventional heat treatment aimed at obtaining
ADI, may lead to a redistribution of elements grouped in these microregions. This
phenomenon does not occur during direct austempering, and hence the conclusion
follows that the DADI matrix will be more heterogeneous in the areas of the
austenite/austenite phase boundaries. Additionally, austenitizing treatment enables
dissolution of the undesired phases appearing in ductile iron, e.g. carbides. The lack
of austenitizing treatment during direct austempering does not create conditions for
the dissolution of carbides that may have appeared during solidification.

Analysis of individual constituents occurring in the DADI microstructure is in
practice reduced to the basic phases present in the matrix, i.e., ferrite and austenite.
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However, some irregularities have been found, which also suggest the need to
investigate the characteristics of the precipitates of nodular graphite.

As in the case of all other types of ductile iron, nodular graphite is one of the most
important constituents of the DADI microstructure. During the process of direct
austempering, some differences in the formation of this phase were noted compared
to the standard types of ductile iron, including ADI. The reason is that the direct heat
treatment inhibits the growth of graphite nodules in the solid phase, which runs all
the time during cooling of the casting, although at a constantly decreasing speed. As
mentioned earlier, in the case of DADI, a specific “freezing” of the microstructure
occurs, thereby inhibiting the diffusion of carbon into the graphite nodules as soon
as the intensive cooling to the temperature of the austempering treatment starts. The
above leads to the formation of graphite nodules characterized by a smaller volume
and to milder heterogeneity of carbon distribution in the matrix surrounding the
graphite and to less deformation. This is consistent with the studies presented in
[62] and systematic measurements of the size of graphite particles present in the
microstructure of castings made from DADI and ADI originating from the same
melts. The results indicate that the average diameter of graphite nodules is approx.
31 μm in DADI, while in ADI this value is at a level of 35 μm, which means that it
is by about 10% higher than in DADI.

Ferrite, present in DADI in the form of plates, is slightly different from the ferrite
formed in the ADI matrix. It was found earlier that these plates are characterized by
a specific orientation and form structures coarser than in ADI. The plates are longer
during direct austempering at a lower temperature, but their length decreases when
austempered at high temperature. Changes also occur in the shape and thickness
of plates (Figs. 5.38 and 5.39). Lower austempering temperature affects the shape
of the plates in such a way that they become more “sharp-pointed,” resembling

Fig. 5.38 Fine lamellar ferrite in the matrix of DADI (austempering temperature = 260 ◦C,
time = 90 min.). (Author’s own work)



5 Cast Iron–Based Alloys 193

Fig. 5.39 Plates of “feathery” ferrite in the matrix of DADI (austempering temperature = 360 ◦C,
time = 90 min.). (Author’s own work)

martensite in their appearance, and have also smaller thickness of approx. 0.2–
0.8 μm. Higher temperature of direct austempering makes the plates more ramified.
They look more “feathery” and the thickness grows to approx. 1.2 μm.

Retained austenite present in the DADI matrix has also been examined in relation
to the austenite found in ADI. The most important conclusion that followed this
analysis is that under the same conditions of the austempering treatment, the
proportional content of austenite in the microstructure of DADI is slightly higher
than in ADI. Proper amount of retained austenite is usually associated with the
ADI plasticity. Its presence in DADI is confirmed by a SEM image of the fracture
showing numerous dimples (Fig. 5.40) [63]. The DADI matrix is mainly composed
of the lamellar ferrite and retained austenite. As demonstrated by the microanalysis
and TEM examinations, the matrix may also contain carbides and martensite, which
are phases undesirable in the microstructure of both DADI and ADI.

The presentation of DADI mechanical properties should start with the statement
that only in a very few cases of direct heat treatment, attempts to achieve the
strength/ductility combination consistent with the requirements of the European
Standard EN 1564 for ADI have ended in success. This fact is graphically presented
in Fig. 5.41. In spite of this, the results obtained for DADI indicate that its properties
far outweigh those guaranteed by other types of “ordinary” ductile iron. It is
interesting to compare the properties of DADI and ADI obtained for the same
conditions of the austempering treatment.

The information presented in the previous subsections reveals some basic facts
concerning DADI cast iron, which would be worth emphasizing. Ausferrite in
the DADI matrix differs slightly from the ausferrite obtained by conventional
austenitizing and austempering. For the same heat treatment parameters, in the
DADI matrix a higher content of the stable retained austenite was recorded,



194 D. Myszka

Fig. 5.40 DADI. SEM fractograph showing dimples characteristic of ductile fracture. (Author’s
own work based on [63])

Fig. 5.41 Mechanical properties of DADI compared to the properties of ADI included in the EN
1564 Standard. (Author’s own work)

accompanied by the ferrite strongly saturated with carbon. Compared to ADI, the
microstructure of DADI seems to be coarser. Additionally, in DADI, some areas
with increased concentration of alloying additions have been identified, especially
at sites referred to as last to freeze (LTF), which were not found in the structure of
ADI. Molybdenum occurring in LTF microregions can contribute to the formation
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of MoxCy carbides (identified in the research presented in [47]), the presence of
which increases DADI hardness but significantly deteriorates its plastic properties.

Based on the analysis of the thermal history of castings subjected to the direct
austempering and conventional austempering, it was found that the contribution
of various mechanisms of hardening the DADI matrix is slightly different than
in the ADI cast iron. Closer analysis of the hardenability of both types of cast
iron suggests that the most important factor responsible for the lower ductility and
fracture toughness of DADI compared to ADI is a coarse metal matrix, left unrefined
due to the omission of the γ ↔ α + Fe3C eutectoid transformation, which occurs
during cooling of the casting and its reheating for the austenitizing treatment. The
explanation for the high yield strength R0.2 of DADI, similar to the values obtained
in ADI, should be sought in the strain hardening effect resulting from the higher
density of dislocations in austenite and ferrite and from the presence of microtwins.
However, the main reason for the high DADI strength is, as in ADI, the solid solution
strengthening of both ferrite and austenite. Saturation of both phases with carbon is
the reason for DADI in the considered variants of austempering treatment to reach
a tensile strength, Rm, of 1200 MPa.

The above statements characterizing the ductile iron obtained as a result of direct
heat treatment are sufficient to conclude that DADI has the mechanical properties
slightly inferior to ADI. It was also noticed that extending the time of DADI
austempering has increased both strength and elongation. DADI is competitive with
ADI not only in terms of higher mechanical properties, hardness in particular, but
also in terms of the production cost. A brief analysis of the production process shows
that the cost of producing a DADI blade for the shot blasting machine is by 9%
lower than in the case of ADI and by 25% lower than in the case of alloyed high-
chromium cast iron with the addition of molybdenum, so far the standard material
for this product [62].

5.3.4 Ausforming

The refinement of ausferrite grains in the matrix of gray cast iron can also be
obtained by combined plastic forming and heat treatment, generally known under
the name of ausforming. This is a very interesting issue and since it has recently
gained wide recognition among scientists, special attention will be paid to this type
of cast iron.

Hot or cold plastic forming of cast materials refines their structure, reducing
shrinkage and gas porosity and microsegregation of alloying elements. It also
provides additional nucleation sites during austenite transformation after deforma-
tion or recrystallization. These assumptions were adopted in the high-temperature
deformation process before the start of austenite transformation in a ductile iron
matrix. Studies show that ausforming during ausferritic structure formation signif-
icantly shortens the time necessary to trigger the austenite-ferrite transformation
by introducing additional energy into the system through mechanical action [64].
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Fig. 5.42 Thermal processing of ductile iron: (a) high-temperature thermo-mechanical treatment,
(b) ausforming. Ta and Tit are temperatures of austenitization and isothermal transformation,
respectively. (Based on [65, 66])

It was also found that austenite saturation with carbon was higher than in the
conventional process, which also indicates an acceleration of the reaction. The
increased ferrite nucleation rate leads to fragmentation of the ausferritic structure
and ensures better homogeneity of the alloy, and hence also of its component phases
[65, 66]. A more homogeneous structure prevents the occurrence of martensite at
ambient temperature even after a short bainite transformation time.

Processes completed with 25% deformation show that cast iron dramatically
gains in mechanical properties. At least 70% increase in the yield strength and
50% increase in the tensile strength as compared to the conventional ADI were
demonstrated. However, depending on the temperature and mode in which the
process of deformation is carried out, castings will change their properties. For
the thermoplastic treatment shown in Fig. 5.42, alloyed cast iron characterized by
high hardenability often with the additions of Ni and Mo should be used. Alloying
additions are also important when ausforming is carried out on products with large
cross-sections and when high degrees of the deformation are applied. Ausforming
carried out on nonalloyed cast iron was found to significantly reduce plasticity with
only a minimum increase in strength.

For simple products, methods of forging gray iron castings have been proposed.
Special preforms would be used for this purpose from which the casting would be
transported to a bath ensuring thermal treatments in the temperature range of bainite
transformation [64].

5.4 Mechanical Properties

The richness of the variants of cast iron structure provides this material with an
extremely wide range of achievable properties. Not all of them can be discussed
here, but, apart from the most important ones which include comparable strength
to steels, good fracture toughness, and high abrasion resistance, it is worth paying
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attention to the properties less often discussed, e.g., corrosion resistance, good
thermal conductivity, and resistance to the effect of low or high temperature [14,
17].

5.4.1 Strength of Cast Iron

The strength of gray cast iron is primarily a function of its structure, where the
type of matrix and the content, shape, and distribution of graphite precipitates
are of importance [14, 17]. In general, increasing the amount of pearlite in the
matrix increases the value of Rm and reduces the plasticity, which results from
the mechanical properties of pearlite and ferrite (pearlite: Rm = 550–850 MPa,
medium plasticity: A5 = 2÷10%, ferrite: Rm = 350–500 MPa, high plasticity:
A5 = 10÷22%). In gray cast iron with flake graphite, increasing the amount of
pearlite in the matrix from 70 to 100 vol.% increases the value of the tensile strength
Rm by 20–35 MPa. The low strength of cast iron with a martensitic matrix is caused
by the presence of quenching stresses.

A similar relationship governs the type of ductile iron matrix and its strength. In
this type of cast iron, ferrite formation leads to a reduction in the tensile strength Rm
and improvement of plastic properties (Fig. 5.43) [14]. Increasing the proportion of
pearlite in white cast iron (with simultaneous reduction in the content of cementite)
increases not only the tensile strength, but also the ductility of white cast iron.

The parameters of the cast iron primary crystallization also exert a significant
effect on the strength of this material. The tensile strength of cast iron increases
with the increasing content of the dendrites of primary austenite, with the increasing
degree of their branching and with the increasing number of eutectic grains
(Fig. 5.44) [14].

The strength and ductility of metal matrix decrease to a large extent due to the
presence of graphite precipitates in the cast iron structure. The negative influence of
graphite results from the reduction of the active cross-section of the metal matrix and
also from the fact that in this matrix graphite particles play the role of micronotches.
With the same total volume of graphite in cast iron, the reduction of the active
cross-section is the least severe in the cast iron with nodular graphite, and the
most severe in the cast iron with flake graphite. For graphite flakes with elongated
shapes, the degree of reduction of the active surface can reach even 50%, especially
when casting walls have small cross-sections. The fact that graphite particles act as
micronotches in the cast iron matrix is due to the shape of these precipitates. This
effect is weakest in the nodular graphite and strongest in the graphite in the shape
of sharp-ending flakes.

Summing up, it can be stated that in gray cast iron with the decreasing content
of graphite precipitates and the increasing degree of their refinement, both cast iron
strength and ductility tend to increase. The transition from the flake graphite to the
nodular graphite significantly improves the strength and even more the ductility of
the cast iron.
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Fig. 5.43 Curves illustrating the elastic and plastic behavior of mild steel, cast iron with flake
graphite, and cast iron with nodular graphite with a ferritic and pearlitic matrix. (Based on [14])

Figure 5.45 shows the effect of the content of regular nodular graphite on the
tensile strength of ductile iron with different types of matrix [14]. The harmful
effect of the presence of various forms of graphite is best visible in the case
of purely pearlitic matrix. However, an ausferritic matrix, obtained as a result of
heat treatment, mainly of ductile iron, has the strongest influence on the cast iron
strength.

The advantage of ductile iron with ausferritic matrix is primarily a unique
combination of mechanical properties (Fig. 5.46) [15–18]. The high temperature
of austempering treatment (reaching 400 ◦C) enables producing the cast iron
characterized by high elongation and tensile strength at a level of 850 MPa. At a
relatively low transformation temperature, e.g. 260 ◦C, ADI grades with strengths
of up to 1600 MPa are obtained. They are additionally characterized by a very high
hardness and excellent abrasive wear resistance.
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Fig. 5.44 Influence of the number of eutectic grains on the tensile strength of nonalloyed gray cast
iron with flake graphite. (Based on [14])

Fig. 5.45 Influence of the content of nodular graphite (lower than 100% content of the nodular
graphite means its degeneration toward the vermicular or flake form) and pearlite on tensile
strength. (Based on [14])
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Fig. 5.46 Influence of graphite form on the fracture toughness (K1C value) for eutectic cast iron
with pearlitic matrix. (Author’s own analysis based on [14, 17])

Fig. 5.47 Mechanical properties of ductile iron with various types of matrix. (Author’s own
analysis based on [15–18])

5.4.2 Fracture Toughness

The effect of primary structure, and especially of graphite precipitates present in this
structure, on the cast iron tendency to cracking is quite significant [24]. The presence
of graphite precipitates acting as micronotches drastically reduces the value of
fracture toughness (K1C) as shown in Fig. 5.47. for the eutectic cast iron with
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Fig. 5.48 Different types of ductile iron compared in terms of their fracture toughness (KIC value).
(Author’s own analysis based on [14, 17, 33])

flake graphite and with nodular graphite compared to a purely pearlitic matrix [14,
17]. The most important factors that control the gray cast iron fracture toughness
include the shape and dispersion of graphite precipitates and absence of carbides,
nonmetallic inclusions and porosity.

Assuming that the spherical shape of graphite is the optimal one, it can be
concluded that fracture toughness depends to a large extent on the type of cast
iron matrix. The drawing shows the relationship between fracture toughness and
various types of ductile iron matrix after heat treatment. The graph in Fig. 5.48
[14, 17, 33] indicates that the ADI grades with the highest strength have better
fracture toughness than the ductile iron based on a pearlitic matrix or matrix of
tempered martensite. On the other hand, compared to pearlitic ductile iron, the ADI
of a lower strength has an almost double K1C value. All tests in which ADI shows
fracture toughness better than or comparable to other materials (e.g. ductile iron,
forged steel or carburized steel) emphasize one fact, namely that along with the
increase in austempering temperature, the resistance to impact loads also increases,
reaching a maximum at 340–370 ◦C (Fig. 5.49) [17, 33]. This characteristic is a
direct proof of the relationship between fracture toughness and austenite content in
the ADI microstructure.
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Fig. 5.49 Relationship between stabilized austenite content in ADI microstructure and elongation
and impact toughness. (Author’s own analysis based on [17, 33])

Fig. 5.50 Fatigue strength to tensile strength ratio (endurance ratio) for ductile cast iron. (Author’s
own analysis based on [14, 17, 25])

5.4.3 Fatigue

The structure of cast iron affects its fatigue strength primarily through the shape and
size of graphite particles. Therefore the ratio of fatigue strength to tensile strength
decreases from a value of about 0.5 for the fine precipitates of flake graphite to a
value of about 0.3 for the cast iron with nodular graphite. Hence it follows that the
change of graphite shape from flakes to nodules affects to a lesser extent the increase
in fatigue strength than the corresponding increase in tensile strength (Fig. 5.50)
[14, 17, 25]. The fatigue strength of cast iron decreases with the increasing size of
graphite flakes.
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In the case of fatigue strength, the impact of the matrix is not as spectacular
as in the case of fracture toughness, but even then, it is worth paying attention to
one characteristic feature of the cast iron after heat treatment. It is the possibility
to mechanically harden the surface of finished ADI castings by burnishing, shot
blasting or machining. This is due to the presence of carbon-saturated austenite in
the deformed microstructure. Machining triggers the mechanism of the deformation-
induced austenite transformation into martensite. This mechanism combined with
the deformation by twinning causes additional hardening of the casting surface [52,
67]. Literature data suggest that, due to this effect, some ADI grades are in this
respect comparable to or better than forged steels [14, 17].

As in the case of fracture toughness, also for fatigue strength, a relationship can
be derived between this property and the heat treatment parameters or, in other
words, between the content of unreacted austenite in ADI and mechanical properties
of this cast iron. This is illustrated by the graph in Fig. 5.50 showing the fatigue
strength-to-tensile strength ratio of ADI. For cast iron grades with lower strength,
this ratio reaches 0.5 and decreases below 0.3 with an increase in tensile strength
Rm.

Comparison of fatigue strength of various materials, including two classes of
ADI cast iron, provides interesting information concerning the use of this material
for gears [17]. From the presented results of studies it follows that surface hardening
of castings made from ADI significantly increases their fatigue strength, which is
higher than in the common and conventionally hardened ductile iron and cast steel
grades, and is comparable to steel subjected to surface hardening treatment [24,
50–52].

5.4.4 Wear Resistance

Though abrasive wear of cast iron mainly depends on the conditions under which the
wear process occurs, the structure of this material and the properties of its individual
constituents also exert an important effect on the wear intensity (Table 5.3) [14,
16, 17, 19, 25, 33, 68]. Abrasive wear is usually directly related to the hardness
of the material and the ratio of the cast alloy to abrasive material hardness values.
Therefore, to improve the abrasion resistance of cast iron, alloying elements forming
hard phases are introduced.

The material of the highest abrasion resistance under the conditions of low
dynamic loads is white cast iron containing cementite [14, 17]. The chemical
composition of this material is determined taking into account the carried load
and the temperature at which it performs. At high load values, it is advantageous
to reduce carbon and phosphorus content in spite of the related drop in hardness.
Abrasion resistance of the white cast iron is observed to increase with the increasing
proportional content and dispersion of cementite. In both white and gray cast irons,
this property decreases with the increasing interlamellar spacing of pearlite. Wear
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Table 5.3 Comparison of
hardness values of cast iron
structural constituents.
(Based on [14, 16, 17, 19, 25,
33, 68])

Structural constituent of cast iron Hardness HV

Unalloyed ferrite 70–200
Unalloyed austenite 170–230
Alloyed austenite 250–600
Unalloyed pearlite 250–320
Alloyed pearlite 300–460
Ausferrite 280–550
Martensite 500–1010
Cementite 840–1100
(Cr,Fe)7C3 1200–1600

Fig. 5.51 Abrasive wear resistance compared for different materials. (Author’s own analysis
based on [67–69])

resistance increases with the matrix changing from pearlitic through ausferritic to
martensitic.

So far, for the cast iron with an ausferritic matrix, a definite relationship between
hardness and wear resistance has not been found (Fig. 5.51) [68, 69]. It turns out that
slightly lower hardness of ausferritic cast iron does not prevent it from competing
with steel with a hardness of 600 HV. This is due to the aforementioned surface
hardenability of ADI where through mechanical action the critical stresses are over-
come causing deformation-induced martensitic transformation and strain hardening
by twinning. The result of this surface hardening is definite increase in hardness
(Fig. 5.52). Both the surface hardening effect and the special microstructure of ADI
translate into better wear resistance.

An interesting case is the new type of cast iron proposed by American scientists
called carbidic austempered ductile iron (CADI) [70]. This material combines the
features of ADI with the structure of cast iron containing hard chromium carbides
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Fig. 5.52 (a) Hardness distribution in the surface layer and microstructure of ausferritic ductile
iron (ADI 320 grade) after abrasion process carried out with loose abrasive medium, (b) typical
microstructure after abrasion. (Author’s own work)

Fig. 5.53 Microstructure of carbidic austempered ductile iron (CADI). (Author’s own work)

in a proportion of up to 18 vol.% (Fig. 5.53). This structure, by providing adequate
strength to cast iron, enables 40% improvement in wear resistance compared to the
common ADI grades [70].

5.5 Applications and Future Perspectives

Cast irons are the most popular foundry materials, also constituting the largest
tonnage share. They account for 70% of world production of castings (Fig. 5.54),
which is mainly due to the variety of properties offered by castings. Comparable
proportions of individual foundry materials are found in all countries in which the
foundry industry is highly developed (Fig. 5.50) [13] despite the growing demand
for light alloys. Trends observed in global production indicate that the production
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Fig. 5.54 Share of individual materials in the overall production of castings in the world (2016).
(Author’s own analysis based on [12])

Fig. 5.55 Production of castings in top five countries producing highest amounts of cast metals
(2016). (Author’s own analysis based on [12])

of ductile iron or cast iron with vermicular graphite is treated as an indicator of the
development of the foundry industry in a given country and of those industries for
which castings are important components of end products. This is particularly well
visible in the machine and automotive industries. ADI is considered the highest
achievement of cast iron technology; hence it is worth quoting several possible
applications of this material (Fig. 5.55):

• Automotive: gears, connecting rods, camshafts, steering axles
• Agriculture: plough ploughshares, parts of the chassis of the agricultural

machines, toothed wheels
• Mining: pump bodies and casings, rotors, crankshafts, drills
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• Railway applications: locomotive wheels, clutches, suspension elements of
wagons

• Arms industry: missile shells, track vehicle feet, armored vehicle casings

5.6 Summary

It is not possible to describe in a few words the vast potential of all modern types
of cast iron obtained in foundry processes. Each casting method (melting process,
mold material, etc.), each alloying element, and each heat and surface treatment
technology will have its respective share in the properties of the final product.
This is true for any group of foundry materials, and this is also true for cast
iron – the most popular casting alloy in the world. Good castability, the ability
to exactly reproduce even most intricate configurations and at the same time the
ability to shape the structure in both micro- and nanoscale to the level that provides
the highest strength properties – these are the unique features of this alloy. This
chapter, showing only some isolated examples, tries to convey this simple message
that modern technologies, even if based on most common metal alloys, are still
capable of providing the necessary properties to modern engineering constructions.
Many other possibilities of shaping cast iron properties have not been mentioned
here, e.g., creating unique properties by surface layer technologies, electromagnetic
processing, or creating discontinuous structures with multidimensional geometry
through new casting techniques or 3D printing methods [71]. The author, however,
is convinced that these are areas of future development also for high-strength casting
iron alloys. One can learn about the latest achievements in scientific conferences
where subject matter is focused on cast iron and other important iron alloys. These
are events like the International Symposium on the Science and Processing of Cast
Iron and the International Conference on Modern Steels and Iron Alloys.
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