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Chapter 1 

 

Introduction to Mechanics of 

Microstructured Materials 

 

 
1.1 Microstructured materials and length scales conception 

 

Physical Continuum Micro- and Meso-mechanics, [1], is a relatively new branch 

of Mechanics of Materials that focuses attention on loaded micro- and meso-volume of 

material. Many industrial and engineering materials as well as the majority of “natural" 

materials are inhomogeneous, i.e. they consist of dissimilar constituents (or “phases") 

that are distinguishable at some (small) length scale. In Fig. 1.1 the microstructure of a 

railway medium-carbon steel is shown: ferritic areas (16% volume fraction) together 

with pearlitic islands (84% of volume fraction) can be distinguished and form a 

complex dual-phase arrangement. Each constituent shows different material properties 
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and/or material orientations and may itself be inhomogeneous at some smaller length 

scale(s). Typical examples of inhomogeneous materials are fiber and particles 

composites, polycrystalline materials, porous and cellular materials, functionally graded 

materials, wood, and bone. 

 

 

Fig. 1.1 – Dual-phase microstructure of a railway steel 

 

There are many problems in Solid Mechanics, Physics of Solids and Materials 

Science that can not been solved using conventional approaches. Besides the effective 

properties of non-homogeneous bodies, there is an increasing need for incorporating 

more physical information about small-scale mechanisms of deformation and damage 

into phenomenological models of plasticity and rupture of materials which are usually 

considered homogeneous. Cavitation, local stress or strain concentrations at small scale 

are essential to explain nonlinear phenomena, such as fatigue or ductile rupture, which 

are not understandable from the simple point of view of average stresses or strains. 

Precise determination or accurate estimation of local fields is the domain of 

micromechanics, [1], and may involve considerable computational efforts. 

Elasto-plastic deformation of materials has been conventionally analyzed using 

continuum mechanics. It simulates material deformation and fracture based on a 

macroscopic description. On the other hand, experimental data show that evolution of 

internal microstructure in metals plays an important role. For example, dislocation 

theory has been used to analyze strain hardening, substructure formation through 

deformation, and stage-like character of macroscopic flow curves associated with the 
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evolution of internal microstructure. Non-homogeneous deformation, fracture of 

materials with different coatings on functional materials are other studied cases, [1]. 

These problems have a common fracture feature that involves the knowledge of the 

evolution of their material constituents in addition to their behavior in service. 

Macroscopic description, even including the dislocation theory cannot explain 

mechanisms of plastic deformation and fracture without additional information. This 

includes data on individual metal grain behavior and grain interaction, behavior of 

internal boundaries between different structural elements and formation of new 

structural units through deformation such as cells, bands, blocks, and other 

substructures. 

The micromechanics treats the material under deformation as a hierarchy of 

organized system of structural elements of different scales [1, 2]. Microstructured 

materials are inhomogeneous at some small length scale, where different constituents 

(the phases) can be distinguished. At every scale level, a system of structural 

organization prevails. At the microscopic level, the elements can be intrusion atoms and 

structure defects (vacancies, dislocations). At the meso-level, the elements may 

correspond to cells, blocks, grains, hard inclusions, etc, Fig. 1.2. The intermediate meso-

level possesses its own peculiar features: it admits description of the behavior of a solid as 

a continuum. 

As an example of the above length scale conception, in Fig. 1.2 is depicted a 

scheme with reference to the nodular cast iron material system. The different length 

scales at which the mechanical response of this material can be analyzed are shown. At 

the macroscale level, the material response is obtained from tensile specimens and it is 

used in structural design. On the other hand, the microscale level of Fig. 1.2 considers 

ductile damage occurring by plastic cavitation and instability of the ductile matrix 

around nodules, which act like large voids. Final failure may occur by micro-void 

growth and cavitation around inclusions in the ferrite phase. An intermediate level, the 

mesoscale, is also introduced in the figure, and it is characterized with the help of an 

etched nodular cast iron microstructure. This level addresses the possibility, quite 

common in practice, that the nodular cast iron may be characterized by a matrix made 

of two different constituents, ferrite and pearlite, in addition to the graphite nodules. 

The micrograph at the mesoscale shows ferrite as white areas, pearlite as gray areas and 

graphite as black particles. It also shows that the ferritic phase always surrounds the 
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graphite nodules. Depending on the ferrite volume fraction, ferrite may surround a 

single nodule or engulf more than one nodule. 

 

 
        a)                                        b)                                                   c) 

Fig. 1.2 – Length scales relevant to the mechanical behavior of a microstructured 

material (as nodular cast iron): a) Macroscale (i.e. structure, specimen), b) Mesoscale 

(i.e. phases, nodules); c) Microscale (i.e. inclusions, micro-defects) 

 

The microstructures of most practically relevant materials are too complex for a 

deterministic description in full detail, so that the geometrical arrangement of phases 

has to be treated statistically and described by appropriate distribution or correlation 

functions, [3]. In many materials of engineering interest the microstructure can be 

considered as statistically homogeneous, and the statistical descriptors of the 

geometrical arrangement do not depend on the position they are evaluated at, [3]. For 

such statistically homogeneous systems it is meaningful to define volume averaged 

properties, which are then independent of the size and position of the volume element 

considered, provided it is sufficiently large. A volume element that contains all the nec-

essary information for the statistical description of a given microstructure is called a 

reference volume element (RVE). Statistically homogeneous microstructures may be 

statistically isotropic, the statistical descriptors being rotationally invariant, or 

statistically anisotropic, in which case there are preferred directions in the shapes, 

orientations or positions of the constituents, [2]. 
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Let us analyze the simplest case of a microstructured material associated with 

two characteristic length scales, viz. the macroscale and the much smaller length scale 

at which the material is inhomogeneous, here referred to as the microscale. 

At the macroscale, the behavior of a microstructured material can be described 

by that of a suitably chosen equivalent homogeneous material, in which the stresses and 

strains vary without sharp discontinuities according to the macroscopic geometry and 

loading conditions. In the absence of marked macroscopic gradients in composition and 

loads, the slow variations are not evident at the microscale, where the heterogeneity of 

the material is reflected by small-scale (“fast”, [2]) �uctuations of the local stresses and 

strains. Accordingly, the stress and strain tensors, ssss and eeee, as well as other variables 

may be split into “slow” (marked by overbars) and “fast” (marked by primes) 

contributions to give 

 

( ) ( )
( ) ( )

'

'

s s s

e e e

= +

= +

x x

x x
 (1.1) 

 

where x denotes the position vector. 

 For inhomogeneous materials that show sufficient separation between length 

scales, it is possible to write the relation 

 

( ) ( )* * * * * *x x ds e s e s e
W

W = =�  (1.2) 

 

that holds for general statically admissible stress fields ssss*  and kinematically admissible 

strain fields eeee* [5]. Here W denotes an appropriate control volume that is at least as 

large as an RVE. Equation (1.2) is known as Hill’s macro-homogeneity condition or the 

Mandel-Hill condition, [5]. 

 The macro-homogeneity condition implies that the volume averaged strain 

energy density of an elastic inhomogeneous material can be obtained from the volume 

averages of the stresses and strains, provided the micro-and macro-scales are 

sufficiently different. As a consequence the notion of a homogeneous reference material 

that is energetically equivalent to a microstructured material becomes possible. 
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1.2 Homogenization and localization 

 

A common practice in structural mechanics when dealing with composite 

structures is to replace their highly non-homogeneous constituents with homogenized 

materials, [2]. Some of their overall properties can be determined experimentally, but 

in practice, many of them are difficult to measure. A whole area of Solid Mechanics 

has been developed in the past thirty years to predict theoretically the effective 

properties of composite materials, directly from the properties of their individual 

constituents (or phases) and their distribution (the microstructure). From the early 

work by Hashin and Shtrikman [4] and Hill [5], considerable progress has been made 

on this problem when the constitutive behavior of the phases is linear elastic. By 

comparison, much less is known about the nonlinear constitutive behavior, including 

plasticity and creep, of composites, although rigorous bounds and estimates have been 

recently proposed by Willis [6], Ponte Castaneda [7] and Suquet [8] (among others) for 

nonlinear constitutive relations deriving from a potential, and by Teply and Dvorak [9] 

for incremental constitutive relations. 

Schematically, the theory of homogenization considers the ratio between the 

typical size of inclusions to the typical size of the specimen as a parameter. The 

reference homogenized equations are the limit equations obtained as this small 

parameter goes to 0. Local fields are given by correctors, [2]. The macroscopic 

mechanical behavior (or effective response) is deduced from the known mechanical 

properties and microscopic arrangements of the constituents. The corresponding scale 

transition from the smaller to the larger length scale is carried out by volume averaging, 

i.e. the homogenized strains and stresses take the form [2] 

 

( ) ( ) ( ) ( ) ( )1 1
d dG GW G

= W = Ä + Ä G� �� �W W� �e ee ee ee e x u x n x n x u x     (1.3) 

( ) ( )1 1
d d

W G
= W = Ä G� �� �W W� �x t x xs ss ss ss s     (1.4) 

 

where G is the surface of the control volume � , n�  stands for the associated surface 

normal unit vector, u denotes the displacement field, t is the traction vector at the 

surface, and Ä represents the dyadic product of vectors. Note that the averaged strains 
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and stresses are fully determined by the surface displacements and tractions, 

respectively, provided the interfaces between the constituents are perfect and no cracks 

are present. 

Important applications of homogenization analyses, especially in nonlinear 

regimes, are materials characterization, i.e. the simulation of simple mechanical tests 

leading e.g. to uniaxial stress vs. strain diagrams, and micromechanically based 

constitutive models, which are capable of providing estimates of the material response 

for any sequence of loading conditions. 

On the other hand, the local stress and strain states at the microscale under given 

macroscopic loading conditions are of considerable interest, especially if the 

macroscopic damage and failure behavior of a microstructured material is to be 

understood and described in terms of microscopic damage mechanisms. Such a 

transition from the larger to the smaller length scale is referred to as localization. In the 

isothermal case it can be formally denoted as [2] 

 

( )=e ee ee ee eA x   (1.5) 

( ) ( )=s ss ss ss sx B x  (1.6) 

 

for the stress and strain fields, where A(x) and B(x) are known as the strain and stress 

concentration tensors (or localization tensors), respectively. Due to the complexity of 

real microstructured materials, approximations generally must be resorted to in 

homogenization and localization analyses. 

 

 

1.3 Micromechanical modeling approaches 

 

 The prediction of mechanical behavior of multi-phase materials requires 

sophisticated modeling tools. Micromechanical models are used to understand the local 

mechanics and mechanisms governing the macroscopic elastic and elastic-plastic 

deformation of heterogeneous solids. They provide overall behavior from known 

properties of the individual constituents and their detailed interaction, unlike the macro-

mechanical approach in which the heterogeneous structure behavior has to be known to 
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predict the aggregate behavior using a computational model. Micromechanical 

modeling offers the opportunity to model materials on a microstructural level, for later 

interpretation of the results on a macroscopic level. 

 Some basic features are common to any micromechanical modeling approach: 

 

A. the geometric definition of a RVE which possesses the essential characteristics 

of the microstructure 

B. the constitutive description of the mechanical behavior of each phase and the 

interaction between them 

C. a homogenization procedure based on the RVE to get the macroscopic material 

behavior. 

 

Constitutive equations and the corresponding material properties used in 

structural analyses are in most cases obtained from experimental studies performed on 

specimens which are large enough to represent the effective, i.e. overall, material 

behavior. In the case of multi-phase materials, this effective response typically is 

determined by the topology and geometry as well as the thermo-mechanical material 

and interfacial behavior at lower length scales, i.e. meso-, micro- and submicro-scales. 

If modeling is combined with experiments, a more detailed picture of the material 

behavior is achieved, because experiments give a basic understanding of the materials, 

while modeling can be used to study certain phenomena in more detail. 

 

1.3.1 Analytical techniques: mean field approaches and variational bounding methods 

 

 A multiphase material is by definition heterogeneous and its local properties 

vary spatially. If the material is statistically homogeneous, which means that the local 

material properties are constant when averaged over a representative volume element, 

then it is possible to replace the real disordered material by a homogeneous one where 

the local material properties are the averages over the representative volume element in 

the real material. Estimation of those averages presents a fundamental issue for different 

effective medium theories, Nemat-Nasser and Hori [10], Aboudi [11], Dvorak [12]. 

 One strategy for modeling the mechanical behavior of microstructured materials 

consists in approximating the actual stress and strain fields by phase-wise constant 
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fields, the statistics of the micro-geometry being accounted for in terms of simple 

descriptors such as the phase volume fractions and the overall symmetry, [2]. This 

modeling philosophy leads to mean field estimates, Hashin–Shtrikman estimates, and 

Hashin-Shtrikman-type bounds, which in their basic forms provide analytical results for 

the linear behavior of inhomogeneous materials. Most of the methods can be extended 

to the nonlinear range, where solutions typically are obtained on the basis of elastic 

reference composites and numerical methods may have to be used. If a elastic, dual 

phase material, is considered 

 

( ) ( ) ( )p ppEs e=  and 
( ) ( ) ( )p ppCe s=  (1.7) 

 

the overall behavior can be described as 

 

*Es e=  and *Ce s=  (1.8). 

 

Here E*  and C* denote elastic and compliance effective tensors with C* = E*
�1

. Phase-

wise constant strain and stress fields are obtained by phase averaging as 

 

( )
( ) ( )( )

1
p

p

p
x de e

W
= W

W �  and 
( )

( ) ( )( )

1
p

p

p
x ds s

W
= W

W �  (1.9) 

 

where � (p) Ì  �  denotes the volume of phase (p). The localization relations are then 

(note that the elastic concentration tensors are no longer functions of the position x as in 

eq. (1.5) and (1.6)): 

 

( ) ( )
A e=

p p
eeee   (1.10) 

( ) ( )
Bs s=

p p
  (1.11) 

 

Denoting the phase volume fractions as ( ) ( )p px = W W the relations 

 

( ) ( ) ( ) ( )r mr me x e x e= +   and ( ) ( ) ( ) ( )r mr ms x s x s= +  (1.12) 
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where (r) and (m) apices indicates reinforcement and matrix respectively, follow 

immediately from the definitions of the macroscopic and phase averaged fields and the 

expressions 

 
( ) ( ) ( ) ( )r mr mA A Ix x+ =  and ( ) ( ) ( ) ( )r mr mB B Ix x+ =  (1.13) 

 
which link the concentration tensors of reinforcements and matrix, can be obtained from 

eqns. (1.7) to (1.11). Here I  stands for the unit tensor and 0 for the null tensor. 

Furthermore, the effective elastic tensors of the microstructured material can be 

expressed in terms of the concentration tensors and the material properties of the 

constituents 

 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )( ) ( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )( ) ( )

*

*

r m rr r m m m r r m

r m rr r m m m r r m

E E A E A E E E A

C C B C B C C C B

x x x

x x x

= + = + -

= + = + -
 (1.14) 

 

The elastic stress and strain concentration tensors of a given phase are linked by the 

relations 

 

( ) ( ) ( )
*

p ppA C B E=  and 
( ) ( ) ( )

*
p ppB E A C=  (1.15) 

 

from which the effective elastic responses may be eliminated by using eqns. (1.13) and 

(1.14). On the one hand, the written elastic equations (1.15) implies that within the 

mean field framework both homogenization and localization problems are essentially 

solved once the concentration tensors are known. On the other hand, they show that all 

concentration tensors of a dual-phase material are available once any of the elastic 

concentration tensors is known. Alternatively, the concentration tensors can be deduced 

when both the phase-level and the overall elastic behavior are known. 

From the above short theoretical introduction, it clearly appears that the 

derivation of appropriate concentration tensors is of major interest in continuum 
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micromechanics of inhomogeneous materials. In 1957 Eshelby published the 

expressions of the stress and strain distributions in infinite elastic media containing a 

subregion, referred to as a homogeneous inclusion, that being variable in its shape 

and/or size (undergoes a “transformation”), it no longer fits into its previous space in the 

“parent medium”, [13]. His results show that a uniform strain et (“unconstrained strain” 

or “eigenstrain”) acting on an homogeneous ellipsoidal inclusion embedded in an 

infinite linear elastic matrix, gives rise to a uniform in-situ (“constrained”) strain state 

ec, that can be related to the stress-free strain et by the expression 

 

c tSe e= ,  (1.16) 

 

S being known as the Eshelby tensor. It depends only on the material properties of the 

matrix and on the shape of the inhomogeneities, which can be described by an aspect 

ratio coefficient. The Eshelby’s theory for homogeneous inclusions, eqn.(1.16), can be 

applied to the study of mean field of stress and strain in of dilute matrix-inclusion 

composites, by introducing the concept of equivalent homogeneous inclusions. This 

strategy involves replacing an actual perfectly bonded inhomogeneous inclusion (which 

has different material properties than the matrix) subjected to a given unconstrained 

eigenstrain et with a fictitious equivalent homogeneous inclusion on which an 

appropriate fictitious equivalent eigenstrain et  is acting. This equivalent eigenstrain 

must be chosen in such a way that the same stress and strain fields, ( )is  and 

( )i
ce e= , are obtained in the constrained state for the actual inhomogeneous inclusion 

and the equivalent homogeneous inclusion. Following [14] this process can be 

visualized as consisting of “cutting and welding” operations as shown in Fig. 1.3. 

The concept of the equivalent homogeneous inclusion can be extended to cases 

where a uniform mechanical strain ea or external stress sa is applied to a perfectly 

bonded inhomogeneous elastic inclusion in an infinite matrix. Here, the strain in the 

inclusion, ( )ie , will be a superposition of the applied strain and of an additional term 

ec due to the constraint effects of the surrounding matrix. For the derivation of the 

concentration tensors, the condition of equal stresses and strains in the actual inclusion 
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(elasticity tensor E(i)) and the equivalent inclusion (elasticity tensor E(m)) under an 

applied far field strain ea is denoted as 

 

( ) ( ) ( ) ( ) ( )( )
( )

i i ii m

i

a c a

E E

S

t

t

s e e e

e e e e e

= = -

= + = +
 (1.17) 

 

 

Fig. 1.3 – Scheme of the Eshelby equivalent inclusion procedure for a matrix-inclusion 

system loaded by a transformation strain et, [14]. 

�

Expressions for the components of the Eshelby tensor pertaining to spheroidal 

inclusions in an isotropic matrix are available in many works, among them [15, 16]. 

The above result on homogeneous inclusions can be used to describe the case of 

an ellipsoidal inhomogeneity with elastic properties E
(r ) 

embedded in an infinite matrix 

with elastic properties E
(m)

. When such a system is subjected to a far field strain eeeea the 

elastic mismatch between the constituents gives rise to stress and strain fields in the 

inhomogeneity and the surrounding matrix. Introducing a fictious inhomogeneity 

s (i) = E(i)(ec – et) = E(m)(ec – et ) 
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subjected to an appropriately chosen “equivalent” eigenstrain eeeet, for the elastic 

superposition principle and for eq. (1.16), the elastic stress and strain concentration 

tensors for the reinforcement are calculated: 

 

( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( ) ( )( ) ( )

1

1

r m r m

r r m r m m

A I SC E E

B E I SC E E C

-

-

� �= + -� �

� �= + -
� �

  (1.18) 

 

Eqns. (1.18), derived by Hill [17], holds for dilute reinforcement volume 

fractions (< 2÷3%) for which the stress and strain fields in a given inhomogeneity are 

not perturbed by those of its neighbors. 

In composites with reinforcement volume fractions of more than a few percent, 

interaction effects between individual reinforcements give rise to inhomogeneous stress 

and strain fields within each inhomogeneity (“intra-particle fluctuations”). Moreover, 

they cause the levels of the average stresses and strains in individual inhomogeneities to 

differ (“inter-particle fluctuations”). The interaction effects in non-dilute cases are taken 

into account introducing suitable effective homogeneous matrix strain and stress fields, 

which account for all perturbations from other reinforcements. Following Benveniste 

[18] this idea leads to the equations 

 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

r r m r r
dil dil M

r r m r r
dil dil M

A A A

B B B

e e e

s s s

= =

= =
  (1.19) 

 

which may be viewed as the central assumption of the so called effective field 

approximations or Mori-Tanaka estimates, [19]. The Mori-Tanaka matrix concentration 

tensors can be expressed in terms of dilute concentration tensors for the matrix as: 

 

( ) ( ) ( ) ( ) 1m rm r
dilA I Ax x

-
� �= +� �� �

 and 
( ) ( ) ( ) ( ) 1m rm r

dilB I Bx x
-

� �= +� �� �
 (1.20) 

 

and for the reinforcement as: 
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( ) ( ) ( ) ( ) 1m rm r
dilA I Ax x

-
� �= +� �� �

 and 
( ) ( ) ( ) ( ) 1m rm r

dilB I Bx x
-

� �= +� �� �
 (1.21). 

 

 

Fig. 1.4 – Mori-Tanaka structure: an arrangement of aligned ellipsoidal reinforcements 

 

Tandon and Weng [20] formulated a Mori–Tanaka method that directly yields 

estimates for the overall elasticity tensor EM*: 

 

( ) ( ) ( ) ( )( ) ( ) ( )( ) ( ) ( ) ( )( ){ }
11

* m r r m r m r m
ME E I E E S S I E E Ex x

--
� �= - - - - + -
� �

 (1.22) 

 

which for porous materials, letting E(r)� 0, gives 

 

( )
( )

( ) ( )
1

1*
,

r
m

M por m
E E I I S

x
x

-

-� �
= + -� �

� �
  (1.23). 

 

Mori-Tanaka theory covers the full range of phase volume fractions, 0<� (r)<1, 

and corresponds to microstructures consisting of aligned ellipsoidal reinforcements, 

both sets of ellipsoids having the same aspect ratio, as in the scheme of Fig. 1.4. Mori-

Tanaka methods are well suited for describing materials with matrix–inclusion micro-

topologies. 

Hashin and Shtrikman (HS) in 1962 [4] proposed analytical expressions that 

bounds the elastic constants of a heterogeneous material with a random isotropic 

distribution of phases from the properties and volume fraction of each phase. They are 

based on a variational principle which, combined with an hypothesis of isotropy, leads 



Chapter 1 Introduction to Mechanics of Microstructured Materials 19 

 

to a calculation of the average strain in one of the phases in the same way as the 

inclusion problem solved by Eshelby. 

 

 

Fig. 1.5 – Hashin-Shtrikman structure 

 

The lower (upper) bound is build with the softer (harder) phase taken as the 

matrix. The spherical shape of the inclusion reflects the isotropic phase distribution, see 

Fig. 1.5. The HS bounds are extremely easy to compute when the constitutive phases 

are isotropic and have general validity. In the particular case of a composite made of 

spherical inclusions isotropically distributed in a matrix, the lower (upper) bound 

provides a good estimate for the effective properties of the composite, when the matrix 

is the softer (harder) phase, as long as the volume fraction of inclusions is not too high 

(typically less than 20%), the interactions between particles resulting underestimated for 

larger volume fractions. The HS analytical expression of the overall elastic stiffness of 

microstructured two-phase materials can be written in the form 

 

( ) ( ) ( )( ) ( ) ( )( ) ( ) ( )( )
11

* 0 0m r m m m r m
HSE E L E I L E E Ex x

--� �= + - + + -� �� �
 (1.24) 

 

where the tensor L0 (overall constraint tensor) is defined as 

 

( ) 10 0 0L E S I
-� �= -� �� �

  (1.25). 
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Here the Eshelby tensor S
0 

must be evaluated with respect to the reference 

material. The HS bounds can be extended to composites whose phases do not exhibit 

isotropic elastic properties and with anisotropic distribution of the phases (“ellipsoidal 

symmetry” of the phase distribution), as well as to the nonlinear regime, [21]. 

Note that Mori-Tanaka model gives exactly the same results as one of the HS 

bounds (the lower one when the matrix is the softer phase) for spheres, elongated 

inclusions with the same shape, and anisotropic phases. 

The HS bounds can be used as a rapid check to find out whether the elastic 

properties of an inhomogeneous material are reasonable or not, provided that its 

microstructure is in agreement with the HS hypothesis. On the one hand, if the 

properties of a composite lay below the lower bound, the composite might contain a fair 

amount of defects. On the other hand, if they lay above the upper bound, the structure 

might be fibrous instead of particulate, [2]. 

 

1.3.2 Periodic microfields, unit cells 

 

Periodic microfield approaches analyze the behavior of infinite (one, two- or 

three-dimensional) periodic arrangements of constituents making up a given 

inhomogeneous material under the action of far field mechanical loads or uniform 

temperature fields. The most common approach for studying the stress and strain fields 

in such periodic configurations is based on describing the micro-geometry by a 

periodically repeating unit cell (or reference cell) to which the investigations may be 

limited without loss of information or generality, at least for static analyses, compare 

Fig. 1.6. 

The advantage of such approaches is that more realistic microstructures can be 

considered, and thereby better prediction of local stresses and strains is possible. The 

micromechanical modeling of cells is generally applied to the prediction of the 

macroscopic mechanical behavior of two material systems in which one material is 

dispersed with spherical inhomogeneities. The prominent feature of this approach is the 

transition from a medium with a periodic microstructure to an equivalent homogeneous 

continuum, which effectively represents the material. Especially the finite element 

method (FEM) allows a good basis for modeling that may result in a deeper 

understanding of the deformation mechanisms. 
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Fig. 1.6 –Periodic planar cell definition, [22] 

 

In typical periodic microfield approaches strains and stresses are split into 

constant macroscopic contributions (slow variables), e  and s , and periodically 

varying microscopic fluctuations (“fast variables), e’(z) and s ’(z), in analogy to eqn. 

(1.1). The position vector is denoted as z to indicate that the unit cell is defined on the 

microscale. The volume integrals used to obtain averages, eqns. (1.3) and (1.4), must be 

solved over the volume of the unit cell, � C. Formal derivations of the above 

relationships for periodically varying micro-strains and micro-stresses show that the 

work done by the actuating stress and strain contributions vanishes, [2]. 

Evidently in periodic microfield approaches each unit of periodicity (unit cell) 

contributes the same displacement increment Du and the macroscopic displacements 

vary (multi)linearly. An idealized depiction of such a situation is presented in Fig. 1.7, 

which shows the variations of the strains ( ) ( )'
s s ss se e e= +  and of the corresponding 

displacements ( ) ( )'
s s su s s u se= +  along some section line s in a hypothetical 

periodic two-phase material consisting of constituents A and B. Obviously, the relation 

s Uu le = D  holds (for linear displacement-strain relations), where lU stands for the 

length of a unit cell in direction s and � us for the corresponding displacement 

increment. The periodicity of the strains and of the displacements is immediately 

apparent. 
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Fig. 1.7 - Scheme of the variation of the strains es(s) and the displacements us(s) along a 

section line (coordinate direction s) in a inhomogeneous material consisting of phases A 

and B, [2] 

 

Appropriate boundary conditions (B.C.s) have to be prescribed on the cell in 

order to generate valid undeformed and deformed states pertinent to the investigation 

(i.e. gaps and overlaps between neighbor geometries. The boundary conditions for the 

unit cells must be specified in such a way that all deformation modes appropriate for the 

load cases to be studied can be attained. Here a mention is given to two types of 

boundary conditions used in periodic microfield analyses of the mechanical behavior of 

periodic model materials, i.e. i) periodicity and ii) symmetry. Generally, for a given 

periodic phase arrangement unit cells are non-unique, the range of possible shapes being 

especially wide when point or mirror symmetries are present in the micro-geometry. 
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Fig. 1.8 - Periodic hexagonal array of circular inclusions in a matrix and 

definition of 11 possible unit cells, [2]. 

 

With respect to Fig. 1.8, a planar periodic hexagonal array of circular inclusions 

and some of the unit cells that can be used to study aspects of the mechanical behavior 

of this arrangement are illustrated. 

In Fig. 1.9 schematic sketches of periodicity and symmetry B.C.s are given for 

two-dimensional unit cells. The most general boundary conditions for unit cells are 

periodicity (“toroidal”, “cyclic”) B.C.s, which can handle any possible deformation 

state of the cell and, consequently, of the inhomogeneous material to be modeled. In 

Fig. 1.8 cells A to F belong to this group. For the case of quadrilateral two-dimensional 

unit cells, see Fig. 1.9 left, the periodicity can be achieved by pairing opposite faces and 

linking the corresponding degrees of freedom from each pair of faces. The resulting 

equations for the periodically varying microscopic displacement vectors at the 

boundaries, u’, can be symbolically written as 

 

�( ) �( )1 1' ' 'N S NWu z u z u= +  �( ) �( )2 2' ' 'E W SEu z u z u= +  ' ' 'NE NW SEu u u= +  (1.26) 
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Fig. 1.9 – Schemes of periodicity (left), and symmetry (right) boundary conditions in 

two-dimensional unit cells, [2] 

 

Here �1z  and �2z denote corresponding positions on the N and S faces as well as 

on the E and W faces of the unit cell, respectively. Equation (1.26) slaves the 

microscopic displacements of nodes on faces N and E to those of corresponding nodes 

on the “master faces” S and W, with the nodes SE and NW acting as “master nodes”. 

Periodicity B.C.s generally are the least restrictive option for multi-inclusion 

unit cell models using phase arrangements obtained by statistically based algorithms 

(“supercells”) or by experimental techniques (real structure based models). In practice 

FE-based unit cell studies using periodicity boundary conditions can be rather expensive 

in terms of computing time and memory requirements, because the multi-point 

constraints required for implementing eqn.(1.26) tend to degrade the band structure of 

the system matrix, especially in three-dimensional problems, [2]. 

For rectangular and hexahedral unit cells in which the faces of the cell coincide 

with symmetry planes of the phase arrangement and for which this property is retained 

for all deformed states that are to be studied, periodicity B.C.s simplify to symmetry 

boundary conditions. For the scheme of Fig. 1.9 on the right these B.C.s take the form 

 

( )2' 'E SEu z u=   ( )1' 'N NWv z v=   ( )2' 0Wu z =   ( )1' 0Sv z =   (1.27) 

 

where u’ and v’ are the components of the microscopic displacement vector u’ . The 

roles of slaves and masters are the same as in eqn. (1.26). Symmetry boundary 

conditions are fairly easy to use and tend to give rise to small unit cells for simply 
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periodic phase arrangements, but the load cases that can be handled are limited to 

uniform thermal loads, mechanical loads that act in directions normal to one or more 

pairs of faces, and combinations of the above. In Fig. 1.8, unit cell G uses boundary 

conditions of this type. Symmetry boundary conditions are typically very useful for 

describing relatively simple micro-geometries, but tend to be somewhat restrictive for 

modeling phase arrangements generated by statistically based algorithms or obtained 

from micrographs. 

 

1.3.3 Embedded cell approaches 

 

Embedded Cell Approaches aim at predicting the microfields in inhomogeneous 

materials at high spatial resolution. They use models consisting of a core (local 

heterogeneous region), ranging from simple configurations to highly detailed phase 

arrangements, that is embedded in an outer region that serves mainly for transmitting 

the applied loads, compare Fig. 1.10. This modeling strategy avoids the requirement 

that the geometry and all microfields must be strictly periodic. A material description 

must be chosen for the outer region that is compatible to the smeared-out behavior of 

the core, so that errors in the accommodation of stresses and strains are avoided. 

Three basic types of embedding approaches can be found in the literature. One 

of them uses discrete phase arrangements in both the core region and in the surrounding 

material, the latter, however, being discretized by a much coarser FE mesh. Models of 

this types are not subject to boundary layers between core and outer regions. In the 

second group of embedding methods the behavior of the outer regions is described via 

appropriate smeared-out constitutive models. In the simplest case these take the form of 

semi-empirical or micromechanically based constitutive laws that are prescribed a priori 

for the embedding zone and which must be chosen to correspond closely to the overall 

behavior of the core. The third type of embedding scheme uses the homogenized 

thermo-mechanical response of the core to determine the effective behavior of the 

surrounding medium, giving rise to models of the self-consistent type, which are mainly 

employed for materials characterization. 

When a multi-particle unit cell is used as the core in a quasi-self-consistent 

embedding scheme, the relaxation of the periodicity constraints tends to make the 

overall responses of the embedded configuration softer than that of the periodic 
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arrangement. For materials characterization embedded cells can be loaded by 

homogeneous stresses or strains applied to the outer boundaries, while for crack 

problems it is often preferable to impose displacement boundary conditions 

corresponding to the far field behavior of suitable analytical solutions (e.g. for the 

displacement field around a crack tip). 

 

 

 

Fig. 1.10 – The arrangement of core, embedding region, and interface in an embedded 

cell approach, [2] 

 

 

1.3.4 Windowing approaches 

 

Micromechanical modeling of heterogeneous materials by windowing 

approaches is based on experimentally obtained or reconstructed phase distribution, 

involving some statistics principle. They are used to obtain rigorous estimates on the 

overall thermo-mechanical response of an inhomogeneous material on the basis of 

volume elements that are too small to be proper RVEs; alternatively, they may be used 

to assess the suitability of volume elements of a given size for describing the overall 

mechanical response of an inhomogeneous material by checking the closeness of upper 

and lower bounds on their overall thermo-mechanical properties. Windowing methods 

are subject to some limitations in studying the stress and strain fields on the microscale 

due to the presence of boundary perturbations (for all methods studying discrete 
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microstructures the influence of boundary perturbations decreases with growing size of 

the volume element and vanishes for a proper RVE). 

 

 

Fig. 1.11 – Two windows of different size obtained from a particle (or a aligned 

continuous fiber) reinforced composite, [2]. 

 

Windowing approaches are based on placing mesoscopic test windows at 

random positions in an inhomogeneous material, compare Fig. 1.11, and subjecting the 

resulting samples of the microstructure to uniform traction. These test windows may be 

smaller than proper RVEs. If sufficiently large or “non-pathological” windows are 

chosen, the obtained prediction gives lower and upper estimates, respectively. These 

bounds are sometimes referred to as mesoscale bounds. By definition, for correct RVEs 

the lower and upper estimates and bounds on the overall elastic properties must 

coincide. By using a series of windows of increasing size a hierarchy of bounds can be 

generated for a given microstructure, which allows to assess the dependence of the 

predicted overall moduli on the size of the window. 

Recently windowing approaches have been extended into the nonlinear range 

[23], where the bounding properties of the two types of boundary conditions can be 

proven within the context of deformation theory. A conceptually different type of 

windowing models is introduced by Schmauder et al. [24], who subjected rectangular 

test windows based on real MMC microstructure to experimentally determined 
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boundary displacements. The main interest in such approaches lies in correlating micro-

strain fields obtained by experiments and by modeling, studying damage 

micromechanism in the matrix and in the particles. 

 

1.3.5 2D-3D Image analysis and modeling of microstructures 

 

Due to the complexity of the problem, idealized microstructures having simple 

geometry and periodical spatial arrangements of microstructure features are generally 

used in the two- and three-dimensional micromechanical FE-based calculations. Such 

models reproduce the microstructure of the composite in a statistically equivalent way, 

but ignore the complex geometry of real microstructures. 

Digital image analysis and microstructure modeling tools can provide useful 

input for studying and predicting the material behavior and for a microstructure 

sensitive design, both in two and three dimension. The incorporation of the detailed 

microstructural geometry in the simulations of materials behavior can be achieved with 

recently proposed methodologies, [25-27]. 

In a 2D FE based micro-model, a grabbed digital image of microstructural field 

can be directly incorporated in a finite element commercial code, providing the 

(automatic) mesh of the field. Although the complexity of the mesh construction in such 

a model is high and the calculation time long, the study of microstructural features as 

phase arrangement, pores, cracks or inclusions in a realistic way is possible. The FE-

scheme can spreads on different length scales, depending on the desired level of 

analysis. The magnification of the metallographic section (from 25 to 1000 times) is a 

direct consequence of the adopted length scale. 

The so called serial sectioning technique has been developed to construct three-

dimensional FE based models, for the study of inhomogeneous distribution of stress and 

strain fields and damage evolution at the microscale. The serial sectioning involves 

observation of an area of a metallographic plane and photographing or grabbing its 

digital image, removing a small amount of specimen thickness (1-5 mm) by polishing or 

precision milling, and observing an area in exactly the same location as in the first 

plane. The image of the area of interest in the second metallographic plane is 

photographed (or digitally grabbed), and the procedure is repeated to obtain 50-100 
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such serial sections, [27]. The three-dimensional microstructure can be then 

reconstructed from the serial sections, compare Fig. 1.12. 

 

 

Fig. 1.12 – Schematic of a digital image-based model of a porous material, [27] 
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Chapter 2 

 

Micromechanical Modeling 

of Nodular Cast Iron 

 

 

2.1 Nodular cast iron 

 

2.1.1 Nodular cast iron as a special kind of composite 

 

Ductile or nodular cast iron is cast iron in which the eutectic graphite separates 

from the molten iron during solidification forming tiny spheres. Graphite grows as 

spheres rather than as flakes or other shape because of the additives (a few hundredths 

of 1% of magnesium or cerium) introduced in the molten iron before casting as 

inoculants. It may be considered a special kind of composite, in which the nodular 

graphite imparts unique properties to ductile iron, compare Fig. 2.1. 

Cast iron containing spheroidal graphite is much stronger and has higher 

elongation than gray or malleable iron. Ordinary gray cast iron is characterized by a 

distribution in the metal matrix of random lamellas of graphite with a length of 0.1-1 

mm. It has strength between 100 and 400MPa and exhibits a very low ductility (< 1%). 
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With respect to lamellas, the spheroids in ductile iron create fewer and less severe 

discontinuities in the metal matrix thus producing a stronger, more ductile cast material. 

Strength in nodular cast iron ranges from 200 to 800MPa, and ductility can reach 25%. 

 

 

Fig. 2.1 – SEM image of nodular cast iron microstructure, a composite material 

 

Fig. 2.2(a) shows the cracking mechanism in a gray cast iron. Crack starts from 

the lamella’s tip that is acting as a stress-concentrator, crosses the graphite and 

propagates through the matrix in both the directions. In Fig. 2.2(b) the cracks 

propagating in the ferritic matrix of a nodular cast iron stop on a graphite spheroid side. 

 

 

(a) 

 

(b) 

Fig. 2.2 – Crack propagation (a) in a gray cast iron and (b) in a ductile iron, [1] 

 

Nodular cast irons have strength, impact toughness and ductility comparable to 

those of many grades of steel while exceeding by far those of standard gray irons. In 

50mmmmm 
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addition, nodular cast irons have also the same advantages of design flexibility and low 

cost casting procedures of gray irons. Their corrosion resistance is equal or superior to 

that of gray cast iron and cast steel in many corrosive environments. The wear 

resistance is comparable to some of the best grades of steel and superior to gray iron 

under heavy load or in impact situations. Moreover small amounts of nickel, 

molybdenum, or copper can be added to the melt to improve its strength and 

hardenability. Larger amounts of silicon, chromium, nickel or copper are added to 

improve the resistance to corrosion, oxidation, abrasion, or for high-temperature 

applications. 

 

2.1.2 Classes of nodular cast iron 

 

The specifications for standard grades of ductile iron according to ISO, ASTM 

or SAE standard, are based on mechanical properties (strength or hardness, see Fig. 2.3) 

while composition is either loosely specified or made subordinate to. 

 

 

Fig. 2.3 – Classification of ductile iron as a function of the matrix structure, [1] 

 

Ductile irons are basically produced in the following three ranges of 

microstructures or “grades” (the ASTM specification in the brackets indicates minimum 

tensile and yield strength in ksi and elongation in percent, [2]): 

- The ferritic grade (ASTM 60-40-18), with a fully ferritic matrix, shows a high 

impact resistance and a good machinability 

- The ferritic-pearlitic grade (ASTM 80-55-06), with a mixed matrix, is the most 

used in the technical applications. It has intermediate properties 
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- The pearlitic grade (ASTM 100-70-03), with a fully pearlitic matrix has high 

hardness and tensile strength while the ductility is low. 

 

A martensitic or austenitic matrix can also be obtained in ductile cast iron, as a 

consequence of heat treatment (quenching and tempering), in order to achieve specific 

mechanical properties. The relatively new austempered ductile iron (ADI) is 

accomplished by heating the casting to a temperature in the austenite-phase range (815 

to 925°C), holding for the time required to saturate the austenite with carbon, cooling to 

a temperature above the Ms temperature at a rate sufficient to avoid the formation of 

pearlite or other mixed structures, and then holding at that austempering temperature for 

the time required to produce the optimum structure of acicular ferrite and carbon-

enriched austenite. 

 

 

Fig. 2.4 – A comparison between mechanical properties of ductile irons, [3] 

 

A lower austempering temperature produces a fine, high-strength, wear resistance 

structure; a higher transformation temperature results in a coarser structure that exhibits 

high fatigue strength and good ductility. The ADI grades following the ASTM 

specification range from 1 to 5, corresponding to a minimum tensile strength from 

125ksi (850MPa) to 230ksi (1600MPa). A comparison between the different types of 
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nodular cast iron in terms of strength and of ductility is depicted in Fig. 2.4, where the 

gray iron appears too. It is evident the superiority of ADI on ductile iron. 

Nodular cast iron can be classified on the basis of graphite spheroid shape, by the 

metallographic analysis of the microstructure. Tables such as reported in Fig. 2.5 divide 

the shape of nodules into types or classes, from I (perfect nodularity) to VII (flake 

graphite) following the ASTM standard specification, from VI (spheroidal graphite) to I 

(flake graphite) by the ISO specification. The shape of graphite in ductile iron strongly 

affects its performances. A perfect nodularity results in a five to seven times increase in 

the strength of the cast material, intermediate shapes between a true nodular form (such 

as ISO type VI) and flake form (ISO I) yield mechanical properties that are inferior. The 

size and uniformity of distribution of graphite nodules also influence properties, but to a 

lesser degree than graphite shape. 

A in-depth study of correlation between nodules shape and size and mechanical 

properties of a set of ductile irons will be presented in the following paragraphs. 

 

 

Fig. 2.5 – Six graphite shape to classify cast irons by the ISO specification 

 

2.1.3 Applications of nodular cast iron 

 

From the year of their invention, 1948, nodular cast irons have registered an 

interrupted growth in their production, see Fig. 2.6. 
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This is because no other iron alloy, steel or malleable iron, can offer the same 

economical and mechanical benefits together. 

 

 

Fig. 2.6 – World production of ductile iron from the 50’s, [3] 

 

Nodular cast irons are considerably less expensive than cast steels to produce 

and only moderately more expensive than gray cast irons because the casting processes 

are similar. 

Ductile iron castings are used for many structural applications, particularly those 

requiring strength and toughness combined with good machinability. Casting of ductile 

iron is like forming with a homogeneous liquid that can flow smoothly into a wide 

variety of thickness, shapes and complex contours, as that shown in Fig. 2.7. One of the 

properties unique to ductile iron is the ease of heat treating, because the free carbon in 

the matrix can be redissolved to any requested level for hardness and strength control. 

The cast iron pipe industry is the largest user of ductile iron (up nearly 44% of 

total shipment in the USA, 1995). Practical examples are pipes, valves, pumps, and 

process equipment. The second largest area of ductile iron consumption is the 

automotive/tracking industry (29% in the USA, 1995), because of the lower density 

(that reduces weight by 10% with respect to steel), the excellent damping properties 

given by the graphite content (that provides quiet running gears), the low friction 

coefficient and the good castability into complex shapes. Examples of manufact in the 
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automotive industry are crankshafts, front wheel spindle supports, steering knuckles, 

disk brake calipers, gears, engine connecting rods, idler arms, power transmission 

yokes, wheel hubs, high temperature applications for turbo housing and manifolds, [4]. 

 

 

Fig. 2.7 – An automotive application: a steering knuckle of front suspension (4.7 kg) in 

ASTM A536 65-45-12 

 

Other important applications areas for ductile iron components include the 

papermaking machinery (rolls, dies), farm equipment, power transmission components 

(e.g. gears) and oilfield equipment. 

 

 

2.2 The axisymmetric unit cell modeling approach 

 

2.2.1 Literature survey 

 

In the previous Chapter an introduction to the micromechanics of multiphase 

materials has been traced. Some micromechanical modeling approaches have been 

exposed, and basic analytical theory of the elastic behavior of composite materials 

recalled. The topic of this section is the micromechanical modeling activity referred to 

the nodular cast iron material system, which can be viewed as a multiphase, 

microstructured material as pointed out in the previous section. The constitution, the 
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behavior and the obtainable information are highlighted, beginning from the simplest 

axisymmetric unit cell up to the models based on resolved microstructure. 

The use of the micromechanics approach has been expanding in recent years 

because it is a suitable tool to correlate or predict the constitutive laws and failure of 

ductile materials with complex microstructures, such as porous materials and particle 

reinforced metal matrix composites, starting from the response of the constituent 

materials. Many early works in micromechanical modeling focused on voids within a 

solid matrix, as in the scheme of Fig. 2.8. McClintock [5] considered the evolution of a 

single cylindrical void in an infinite matrix subjected to axisymmetric loading at the 

remote boundary; Gurson, [6], theoretically derived a plastic potential function for 

porous materials based on a spherical cell model containing a spherical void; Tvergaard 

and Needleman, [7, 8], used cell models to study plastic flow localization and extended 

the range of applicability of the so-called GTN model to ductile damage and failure; 

adopting an axisymmetric unit cell, Brocks et al. verified the effect of stress triaxiality 

ratio on voids growth in ductile materials with different constitutive models for the 

matrix, [9]. Kim et al. studied the effects of stress triaxiality and initial porosity on void 

growth and coalescence, with a unit cell model in direct comparison with the Gurson-

Tvergaard constitutive relation, [10]; they found that the cell triaxiality ratio cannot 

uniquely describe the effect of stress triaxiality on void growth and coalescence, 

because multiple stress states, that give different macroscopic stress-strain response, can 

result in the same triaxiality ratio. 

 

 

Fig. 2.8 – Scheme of a structure modeled by a unit cell with a void, [11] 
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The assumption of uniform void size and spacing (i.e. a rectangular array of 

cells) of the previous studies ignores the effects that void interaction or different void 

sizes can play on stress-strain response or on the plastic flow and damage in the 

material. To take into account these effects, another unit cell model that contains two 

voids with different geometries has been proposed in the technical literature, see Fig 

2.9. The material structure again is reproduced as a recurrent stack of hexagons 

(cylinders for the calculation) in the space, but this time small and large cavities 

alternate. At the same void volume fraction of a single void cell, some secondary effect 

can be expected. In [11] a three-dimensional cell is also introduced, of the type of Fig. 

2.10; a comparison between the ductile fracture prediction by a single void 

axisymmetric cell, a dual void cell, and the 3D model is then conducted. The void size 

and volume fraction, and the spacing effect are shown to play an important role, and the 

cell model containing two voids of different size is found to produce very different 

results for void growth in volume and in the interaction effect. This effect results larger 

for an axisymmetric cell model than for the 3D cell model of Fig. 2.10. 

 

 

Fig. 2.9 – Geometry of unit cell containing two voids with different size, [11] 

 

By such a unit cell calculation, Tvergaard investigated the interaction of very 

small voids with large voids to determine whether or not local stress increases, induced 
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by the large void, result in cavitation instability at the tiny void, [12]. He has shown that 

for overall stress levels as large as those reached ahead of a blunting crack tip, 

cavitation instability does not form at the small voids due to the interaction with the 

large void. On the other hand, the results show that localization of plastic flow in the 

unit cell plays an important role on the mechanical response. 

Another application of a dual-void unit cell in conjunction with the finite 

element method is found in a recent work by Al-Abbasi and Nemes, [13], on the 

prediction of the stress-strain response of a dual-phase steel. In the idealized material 

structure the hard phase (martensite) is assumed to be in the shape of dispersed small 

and large particles into the ductile matrix (ferrite). The martensite particles display two 

distinct deformation mechanisms, depending on their size, and this explains the dual-

void cell adoption. The deformation mechanism is studied varying the volume fraction 

of the second phase, and the ratio between small and large particles. It is demonstrated 

that this micromechanical model is able to reproduce the steep rise in the strain-

hardening rate observed in dual-phase steels, and to predict the mechanisms involved in 

the deformation process in agreement with experimental observations. 

 

 

Fig. 2.10 – A 3D unit cell, cut between voids (or particles) of different size, [11] 
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The nodular cast iron material system well suits to the scheme of repetitive unit 

cells, because graphite nodules embedded in the ferrous matrix are quite uniformly 

distributed, compare Fig. 2.11. The idea is not new, unit cell calculations applied to 

ductile iron can be found in the literature. Elastic modulus of ferritic cast iron and its 

dependence on graphite content and form was examined in [14, 15]. The simple unit 

cell model developed in [14] was used to determine the decrease in Young’s modulus 

with increasing content of graphite and the role of nodule deviation from the spheroidal 

form. A more complex approach to determine the impact on the elastic modulus of other 

forms of graphite inclusions in a ferritic cast iron was developed in [15]. The graphite 

phase was assumed to be given by a set of equal, randomly oriented, rotationally 

symmetric ellipsoidal inclusions. The adopted self-consistent one-particle 3D unit cell 

model consisted of a cube containing an inner graphite ellipsoid surrounded by a 

concentric a Fe-2.5% Si matrix, while the remaining volume of the cube was filled with 

a suitable cast iron compound. The computational results compared satisfactorily to 

both experiments and a theoretical model. 

 
 

 
 

(a) 
 

(b) 
 

Fig. 2.11 – (a) real structure of nodular cast iron and (b) modeling by axisymmetric cell 

 

The elasto-plastic response and ductile failure in nodular cast iron has been 

extensively studied at the micromechanical scale, too. The applicability of the GTN 

model and of the unit cell model to the description of the mechanical response up to 

failure of ferritic ductile iron was studied in [16-19]. The unit cell method was used to 

obtain the material parameters of GTN model for a nodular cast iron but when actual 
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tensile tests on smooth and notched specimens were simulated the results were not 

completely successful, apparently for the large volume fraction of this material, [16]. 

It’s worth to notice that all the unit-cell modeling studies of the mechanical 

behavior of nodular cast iron here recalled, considered the case of a unique phase – the 

ferrite – in the matrix; the attention has been focused above all on the void effect on the 

mechanical behavior, and on the voids growth, nucleation, and mutual interaction when 

the damage mechanism in a ductile material is analyzed. Moreover, in general, a diffuse 

lack of experimental data good for comparisons can be noticed. 

 

2.2.2 Material model for the constituents 

 

There are three constituent materials in the models (axisymmetric cells or 

microstructure based models, see section 2.3) described in the following, namely 

graphite, ferrite and pearlite. The graphite can be considered isotropic and perfectly 

elastic with a symmetric Young’s modulus (in tension and compression) E = 15 GPa 

and a Poisson ratio n = 0.3. The matrix constituents, ferrite and pearlite, are assumed to 

be described by the J2-flow theory of plasticity with isotropic hardening and von Mises 

yield condition. It is well known that ferrite is characterized by high ductility and low 

rupture strength while, in contrast, pearlite exhibits a high ultimate strength and 

hardening coefficient and a limited elongation at failure. The uniaxial behavior of ferrite 

and pearlite is here modeled as an elastic-plastic Ramberg-Osgood-type material, 

following the deformation plasticity model, [20], in the form: 
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where s  and e are the uniaxial stress and strain of each matrix constituent, E is the 

Young's modulus of elasticity (defined as the slope of the stress-strain curve at zero 

stress), s0 is the tensile flow stress and a the yield offset (when s = s0, e = (1+ a)s0/E) 

and n is the strain hardening exponent for the plastic nonlinear term. When n = 1 the 

material is non-hardening. The material behavior described by this model is nonlinear at 
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all stress level, but the nonlinearity becomes significant only at stress magnitudes 

approaching or exceeding s0, [20]. 

 

Tab. 2.1 – Assumed nonlinear plasticity model parameters of matrix constituents 

 

Constituent 
material 

E (GPa) nnnn  ssss0 (MPa) n aaaa    

ferrite 209 0.3 427 20.2 0.978923 

pearlite 209 0.3 552 5.4 0.757246 

 

The material parameters of the two constituents, including the Poisson’s ratio, 

assumed in this study are listed in Table 2.1. These parameters are chosen to fit data 

from literature, [21], relative to the mechanical properties of 3.0% Si-ferrite in the cast 

condition (su = 521MPa, s0 = 427MPa, Af = 11%), and of normalized pearlite with 

2.5% Si (su = 918MPa, s0 = 552MPa, Af = 3.6%). An explicative graphical view of the 

stress-strain behavior of the two phases is given in Fig. 2.12, in which the tensile curves 

are artificially stopped at the maximum elongation. It can be noticed the deep difference 

between the phases of the hardening behavior in the plastic regime. 
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Fig. 2.12 – Stress-strain behavior of ferrite and pearlite used in the modeling 
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2.2.3 Single-void unit cell 

 

The novelty of the work here presented is the attempt of extending the 

applicability of the unit cell modeling approach to the description of the constitutive 

response of nodular cast iron with a mixed ferritic/pearlitic matrix, i.e. a dual-phase 

porous material, see Fig. 2.11. The main concern is the modeling of the constitutive law, 

with respect to the analysis of the effect of some microstructural features, such as 

ferrite/pearlite ratio of the matrix and graphite volume fraction, on the mechanical 

performance. 

In the present work it is assumed that this meso-mechanical level is suitable for 

describing the constitutive response of ferritic/pearlitic nodular cast irons, starting from 

the volume fraction of graphite and the ferrite-to-pearlite ratio in the matrix. Therefore a 

unit cell model, the material models for the constitutive materials and the basic 

computational issues are here presented. 

To simplify model development, the microstructure of nodular cast iron is 

assumed to be periodic and the unit cells to be squared units of equal size with a 

graphite nodule at their centers, which are furthermore approximated by circular 

cylinders to allow simple axisymmetric calculations, compare [18]. The simple 

axisymmetric unit cell as a representative volume element (RVE) on the mesoscale 

dimension is shown in Fig. 2.13. The macroscale or effective material behavior is then 

obtained from this model with a homogenization technique, see Chapter 1. 

Details of the axisymmetric unit cell mainly used in the analysis are depicted in 

Fig. 2.13. Only one quarter of the radial cross-section of the unit cell is modeled, with 

four-node axisymmetric finite elements. The cell model is characterized by a graphite 

nodule located at its centre and by a concentric ferrite capsule surrounding it. The 

graphite volume fraction y G is defined with respect to the total unit cell volume 

according to 
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where RG is the graphite nodule radius, R0 and L0 are the initial cell radius and half-

length, respectively, as indicated in Fig. 2.13. 
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Fig. 2.13 – Definition of the dual-phase unit cell with a single graphite particle 

 

The matrix, that is the remaining volume after excluding the graphite nodule, is made of 

ferrite and pearlite. When RG < RF < R0, the ferrite volume fraction, y F in the matrix is 

readily determined by the equation 
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where RF is the radius of the ferrite capsule. In the case of R0 < RF < Ö2 R0 (i.e. the 

diagonal of the unit cell), a simple formula for the ferrite volume fraction in the matrix 

is not available, although the ferrite volume fraction is readily determined from the solid 

model. Finally, as the pearlite fills the remaining volume of the matrix, see Fig. 2.12, its 

volume fraction y P is simply 

 

1P Fy y= -    (2.4) 

 

With reference to the coordinate system of Fig. 2.13, to investigate its mechanical 

response, the unit cell is strained in the axial direction (i.e. direction 2) by the 

application of a homogeneous displacement u2 to the G1 boundary while the axial 
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degrees of freedom of the bottom side nodes are suppressed. The nodule-to-matrix 

interface is modeled as a unilateral contact along the boundary surface G0 while the 

ferrite-to-pearlite interface is infinitely strong. The radial displacement of the boundary 

G2 in Fig. 2.13 is kept homogeneous by constraint conditions to enforce periodic 

compatibility. Since one of the aims of the present study was the direct comparison of 

the model predictions with experimental stress-strain curves, see Chapter 4, the 

definitions of engineering stress and strain were adopted. Furthermore, the evolution of 

parameters relevant to damage modeling, such as void volume fraction, was not 

determined. The mesoscopic principal strains, Ei with i = 1, 2, 3, are given by: 
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where r is the current value of the outer radius of the deformed unit cell. The 

corresponding mesoscopic principal stresses S1 , S2 and S3 are computed integrating the 

reaction forces s11 and s22, at the unit cell boundaries, namely G1 and G2 in Fig. 2.13: 
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The Lagrangian formulation of the field equations was used and the finite element 

calculations were performed using a multi-purpose code, [20]. 

The axisymmetric unit cell shown in Fig. 2.13 is associated to a squared 

arrangement of cells with graphite particles (or voids) equally spaced in both 1 and 2 

direction, where the load’s direction is parallel to the symmetry line of the cells (i.e. 

along direction 1 or direction 2). It’s important to underline that the L0/R0 ratio (height 

on radius) in such a unit cell, univocally defines the spatial arrangement of the nodules. 

If this ratio is varied, different voids pattern can be obtained, as the scheme in Fig. 2.14 

shows. The unit cell of Fig. 2.13 belongs to the sketch (b), where L0/R0 = 1. The other 

configurations, which are expected to change the mechanical response of the modeled 

material, have been also investigated with unit cell FE models. These are depicted in 

Fig. 2.14 as hatching rectangles; note the changing aspect ratio of their geometry from 

horizontal to vertical strip. 



Chapter 2 Micromechanical Modeling of Nodular Cast Iron  49 

 

 
 

 
 
 
 

(a) L0/R0 = 0.5 

 
 

 
 
 
 

(b) L0/R0 = 1 

 
 

 
 
 
 

(c) L0/R0 = 2 

 

 
 
 

(d) L0/R0 = 4 
 

Fig. 2.14 – Scheme of voids pattern for multiple L0/R0 ratio in the unit cell definition 

(L0 and R0 are defined in Fig. 2.13, the arrows indicate the load direction) 

 

Alternative cell arrangements, such as cubic primitive and cubic body-centered, 

could also be used, see Fig. 2.10. They require the use of 3D solid finite elements, 

which are computationally more demanding than the 2D axisymmetric finite elements.  

 

 
(a) 

 

(b) 
 

Fig. 2.15 – 3D unit cells for ductile iron with (a) full ferritic and (b) 21% ferritic matrix 

 

To verify the impact of the assumed cell arrangement, a comparison of the 

axisymmetric cell model with equivalent cell models obtained for the cubic primitive 

cell arrangement is introduced, considering both the case of fully ferritic matrix and the 

case of a matrix with 21% of ferrite in volume fraction. The 3D cells are depicted in 

Fig. 2.15: here 8-nodes linear bricks are used and ferrite and pearlite in model (b) have 

MATRIX 

NODULES CELLS 
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coincident nodes at the interface. As for the axisymmetric cell the load is a vertical 

force applied to a master node which enforces all the upper nodes in its displacement; 

boundary conditions of symmetry are applied to the free faces. 

 

2.2.3.1 Results of calculations: the nodule modeling 

 

With the above introduced unit cell model, the influence of i) the presence of 

graphite nodule in the model, ii) the presence of an initial residual stress system, iii) the 

unit cell arrangement selected on the predicted constitutive behavior have been 

examined. In a first set of finite element calculations a constant volume fraction of 

graphite (i.e. y G = 8.3%) was assumed. 

First, the role played by the presence of a graphite nodule in the model on the 

resulting constitutive response was investigates. The interface between graphite nodule 

and ferrite is known to be weak providing no reinforcement effect on material response, 

[14, 16]. On the other hand, the nodule could interfere with the matrix especially with 

the cavity shrinkage in the direction transverse to the load when the cell model is 

subjected to low stress triaxialities. 
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Fig. 2.16 – Influence of the presence of a graphite nodule and of the residual stresses 

due to material cooling on computed stress-strain curves for a full ferritic matrix 
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To investigate this aspect, graphite was modeled as linear elastic material and a 

unilateral contact condition on G0 of Fig. 2.13 prevented matrix/nodule interpenetration 

and development of normal tensile stresses at the interface. The computed stress-strain 

(i.e. S2- E2) curves for the axisymmetric unit cell with and without a graphite nodule are 

presented in Fig. 2.16 with A letter, and are practically undistinguishable. Therefore, the 

use of the computationally less demanding model without nodule in the cavity is 

suggested by the result. To discuss the second issue, that is the relevance to the model 

of residual stresses due to material solidification after casting, it has to be reminded that 

graphite and the ferrous matrix are characterized by different thermal dilatation 

coefficients. Therefore, tensile residual stresses are expected to develop in the matrix 

and compression in the graphite. To model computationally this phenomenon a stress-

free temperature has to be assumed along to the temperature-dependence of the thermal 

dilatation coefficients of ferrite and graphite. Upon computational solution of the 

thermo-structural problem associated to the cooling process to room temperature, a 

residual stress and strain field is determined, see Fig. 2.17. Ref. [22] shows that the 

present FE model including the graphite nodule and an assumed stress-free temperature 

of 900°C resulted in a 9.4 % reduction in Young’s modulus (i.e. 154.5 GPa vs. 170.7 

GPa). The effect of that computed residual stress system on the unit cell constitutive 

response (i.e. S2- E2) is shown in Fig. 2.16 and it demonstrated that only the initial 

response is affected. Therefore, to avoid the introduction of additional modeling 

variables (i.e. assumed stress-free temperature for example) the influence of the residual 

stresses is not considered in the rest of the unit cell modeling approaches. 

 

 

 
Fig. 2.17 – Contours of computed residual equivalent thermal stress and plastic strain. 
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Third, the present axisymmetric unit cell obtained by considering a squared 

arrangement of cells is compared to the cubic primitive and cubic body-centered cell 

arrangements shown in Fig. 2.15. The computed stress-strain curves obtained with two 

axisymmetric unit cell models having 100% ferrite and a 21% volume fraction of ferrite 

in the matrix, respectively, are shown in Fig. 2.18. In the same Fig. 2.18, the response of 

two equivalent three-dimensional models of a regular cubic-primitive arrangement of 

nodules is introduced. For the fully ferritic material there are no significant differences 

between axisymmetric and 3D FE models. In the case of the ferritic-pearlitic matrix, the 

behavior of the three models is again quite similar although the 3D models are 

apparently less stiff than the axisymmetric model. Nonetheless, the limited difference 

observed in Fig. 2.18 justified the use of the axisymmetric 2D model. 

 

 

Fig. 2.18 – Simulated s-e curves for a full ferritic and a ferritic/pearlitic matrix. In 

addition to the axisymmetric model, reference is made to the 3D models of Fig. 2.15 

 

2.2.3.2 Effect of graphite volume fraction 

 
The content of graphite is expected to affect the elastic properties of nodular cast 

iron because of its low Young’s modulus compared to the ferrous matrix. Strength is 

also affected as nodules represent a system of discontinuities in the matrix. Carbon 

content of cast iron is normally in the 3-5% range, and the graphite volume fraction of 
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practical interest has also a limited range (usually from 7% to 15%). Five values of y G 

in the unit cell model were thus investigated, namely 0.53%, 5%, 8.3%, 10%, 15%. The 

obtained simulated tensile curves are given in Fig. 2.19; a decrement in the mechanical 

performance is evident when graphite volume fraction increases. 
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Fig. 2.19 – Tensile curves at different graphite volume fractions, simulated by the 

axisymmetric model of a full ferritic nodular cast iron 

 

The dependence of the elastic modulus and yield stress (at 0.2% plastic strain) as 

a function of the graphite volume fraction obtained with the present model, deduced by 

the tensile curves of Fig. 2.19, is reassumed in Fig 2.20. The model correctly predicts a 

decrease in elastic modulus and yield strength with increasing graphite volume fraction. 

The trend of the elastic modulus is linear in accordance with the results of the 

application of the rule-of-mixture and is close to the application of the Hashin-

Strickman (H-S) estimate reported in [14]. The present unit cell predicts a slightly lower 

elastic modulus than the others theoretical models, but shows a better correlation with 

experimental data (see Chapter 4). The dependence of the yield stress on the graphite 

volume fraction obtained by the present model (i.e. at 0.2% strain) is also shown in Fig. 

2.20. As the elastic properties, it is a decreasing function of the graphite content.  

It is concluded that the influence of the graphite volume fraction on the elastic 

modulus and yield strength of nodular cast iron (in the present case a fully ferritic 

matrix ductile iron) is correctly determined with the present unit cell model. 
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Fig. 2.20 – The dependence on graphite volume fraction of elastic modulus and yield 

stress in nodular cast iron, as predicted by the axisymmetric cell 

 

2.2.3.3 Effect of matrix microstructure 

 

The characterizing feature of this study is the use of the cell modeling approach to 

predict the behavior of nodular cast iron as a function of the ferrite-to-pearlite ratio in 

the matrix. In section 2.2.2 ferrite and pearlite constituents have been modeled with 

quite different mechanical behaviors, therefore the composite cell model should capture 

the progressive change observed when going from a fully ferritic to a fully pearlitic 

matrix. Here, the presented modeling activity considered a representative, fixed value of 

the graphite volume fraction (i.e. y G = 8.3 %) and varied the volume fraction of ferrite 

of the matrix y F from 0% to 100% in eight configurations, as shown in the scheme at 

the bottom of Fig. 2.21. The associated pearlite volume fraction can be obtained with 

eq. (2.4). The stress-strain curves (i.e. S2- E2) obtained with the systematic study by unit 

cell model with the eight ferrite contents are shown in Fig. 2.21. As expected, a 

decrease in mechanical strength and hardening response with increasing ferrite content 

in the matrix is determined. The curves of Fig. 2.21 are interrupted at 5% strain when 

the elastic-plastic response is stabilized. 

Axisymmetric cell 
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Fig. 2.21 – Effect of ferrite-to-pearlite ratio in the matrix on the s-e  tensile curves; in 

the scheme on the bottom ferrite is gray, pearlite black 

 

The von Mises stress distribution of five selected models is shown in Fig. 2.22. 

The maximum stress level is the same in all stress maps. Inspection of Fig. 2.22 shows 

nodule cavity elongation in the loading (i.e. vertical) direction, the stress discontinuity 

at the ferrite/pearlite interface and radial compression of the nodule.  

 

 

 
Fig. 2.22 - Von Mises stress distribution in unit cell models of constant graphite content 

and different ferrite volume fractions. 
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Plastic deformation initiates in the ferrite phase enveloping the graphite nodule. 

With increasing load, stresses redistribute and higher stresses develop in pearlite. 

Therefore, material failure will be the result of a competition between ductile and brittle 

mechanisms active in ferrite and pearlite. 

The conclusion of this subsection is that the influence of the ferrite/pearlite ratio 

in the matrix of nodular cast iron on the yield and ultimate strength of nodular cast iron 

is reasonably predicted by the present axisymmetric unit cell model. 

 

2.2.3 Dual-void unit cell 

 

An improved unit cell model can be constructed to evaluate the interaction effect 

of two unequal-sized nodules. If we look at the scheme of Fig. 2.23, the main idea of a 

dual-size void cell is readily defined. The nodular cast iron microstructure is now 

idealized as a periodic array of alternating, equally spaced, graphite nodules.  

 

 
(a) 

 
(b) 

 
Fig. 2.23 – Modeling the nodular cast iron system by dual size void unit cells 

 

The minimum RVE that repeated equal to itself in the space reproduces the 

material structure, has now to embed two cavities. Again, as in the scheme of Fig. 

2.11(b), symmetry considerations make it possible to consider only a quarter 

axisymmetric, bi-dimensional FE model. On the one hand the idealized microstructure 

is not realistic, because two voids sizes cannot reproduce the variety of real 

microstructure (even if statistical considerations on voids size distribution can justify 
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this simplification when two peaks of probability are found); on the other hand the 

effect of different graphite nodule sizes and the effect of their mutual interaction on the 

plastic flow in the matrix can be studied, and the advantage of a more refined model 

with respect to the previous one can be estimated. 

To reproduce the real material, the graphite nodules (i.e. spherical voids, see the 

discussion in the next sections) are surrounded by ferrite, while pearlite fills the 

remaining volume as shown in the detailed model of Fig. 2.24. The graphite cavities 

have initial radii RG1 and RG2, respectively and the ferrite envelope Rf1 and Rf2. The cell 

is a cylinder of radius RC and height HC. For the calculus of graphite and ferrite volume 

fractions equations (2.2) and (2.3) still hold, if the model is thought as the stack of two 

single-void axisymmetric cells. The model is meshed with four-node axisymmetric 

finite elements and suitable boundary conditions enforce periodicity. 

 

 

Fig. 2.24 – Dual-void unit cell definition 

 

The interaction between unequal graphite nodules and the effect on the cell 

behavior of different percentage of ferrite and pearlite in the matrix can be with this 

modeling approach systematically investigated. In Fig. 2.25 four finite element dual-

void models with a fully ferritic matrix are shown. With the same intent that motivated 

the models in Fig. 2.14, they are characterized by different RG1/RG2 ratio. This type of 
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analysis also allows the estimation of the effect of nodules spacing in vertical (i.e. along 

direction 2 of Fig. 2.24) and horizontal direction (i.e. direction 1) on the elastic-plastic 

model response. In fact if we think to keep a constant global graphite volume fraction, 

enlarging one void and reducing the other their spacing is automatically changed. 

 

 

 

(a) RG1/RG2 = 4 

 

 

(b) RG1/RG2 = 2.5 

 

 

(c) RG1/RG2 = 1.5 

 

 

(d) RG1/RG2 = 1 
 

Fig. 2.25 – Dual-size voids unit cells for various RG1/RG2 ratios (see Fig. 2.17) 

 

For comparison and validation purpose, two 3D models with equivalent graphite 

volume fractions have been developed, see Fig. 2.26. Brick linear elements and 

tetragonal stress-constant elements have been used in the modeling of 1/8 of a full cell, 

as the scheme in Fig. 2.10 reports. This is the minimum microstructure-representing 

volume. 

The mechanical behavior is quantified in all the introduced FE models in terms 

of stress-strain curve, by applying a uniform extension in the axial (vertical) direction 

on the boundary nodes, more precisely on a master node that drags all the others thanks 

to a specific equation command, [20]. The resulting average so-called mesoscopic stress 

in the cell (see also Chapter 1), is then found simply dividing the reaction force at the 

nodes by the initial cross sectional area. Appropriate boundary conditions must be 

applied to the cells to enforce periodic compatibility; the bottom nodes in both 

axisymmetric and 3D cells are constrained along the vertical direction, while the 

external boundary faces are assumed to remain parallel to themselves during the 

deformation process. From the technical point of view, this is assured by linking each 

other the degrees of freedom of boundary nodes with adequate (linear) relations. 
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(a) 

 

(b) 
 

Fig. 2.26 – Three-dimensional dual void unit cells for nodular cast iron with (a) full 

ferritic matrix and (b) 21% ferritic matrix 

 

Results of the calculations are summarized in Fig. 2.27, in which the static 

stress-strain responses of the dual-void axisymmetric cells are compared. 
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Fig. 2.27 – Stress-strain curves simulated by the dual-void (SV) axisymmetric and 3D 

cells: in a) the comparison between different z = RG1/RG2 ratio, in b)  

 

In plot of Fig.2.27(a) significant differences in the behavior of cells with 

increasing z = RG1/RG2 ratio (for the definition see Fig. 2.25) is found for z exceeding 2; 
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therefore the dual-void model predicts that a reduction of the transverse spacing of 

nodules with respect to the load axis makes the material response less stiff. A total 

superposition of the s-e  curves with the single-void cell is naturally found when the 

dual-void cell shows a unitary RG1/RG2 ratio. In Fig. 2.27(b) the comparison with the 

single-void axisymmetric cell is made for three different microstructures, characterized 

by variable ferrite and graphite volume fractions in the matrix. It can be noticed the 

coincidence of the tensile curves. The conclusion is that the dual-void cell behaves in 

the same way of the single voided cell on the mesoscopic scale. 

Even if the mesoscopic stiffness has been demonstrated to be is in practice the 

same, looking at the stress distribution at the microscale, some differences can be found 

when the cells are compared with the same stress scale, see Fig. 2.28. In the dual-void 

cell the ferritic phase in the cell must be distributed around two nodules; with the need 

of keeping an equal ferrite content in the cell, the ferrite radius encapsulating the voids 

differs from the single-void case. This causes a diversification in the stress distribution 

inside the ferrite. Therefore the dual-void axisymmetric cell model can be a suitable tool 

for the study of damage initiation and competition between the voids in the material. 

 

 

 
Fig. 2.28 – Von Mises stress contours in single and double void axisymmetric cell 

 

2.2.4 Staggered array of single-void unit cells 

 

Between the micromechanical modeling approaches of nodular cast iron, an 

axisymmetric unit cell of a staggered array of nodules has been considered too. This 
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type of unit cell was previously used for the study of the micromechanics of particle-

toughened polymers by Socrate and Boyce [23] and by Tzika et al. [24]. By means of 

appropriate boundary conditions, this time the RVE represent to a body centered te-

tragonal stacking of particles. 

Fig. 2.29 – (a) Scheme of staggered array of nodules, and (b) unit cell definition, [24] 

 
Looking at the scheme of stacking array in Fig. 2.11(b), this in practice means to 

move a vertical row of nodules of a quantity equal to the half of the nodules spacing. A 

schematic representation of the staggered array is shown in 2.29, together with the 

minimum unit cell or RVE. To fulfill the periodicity, the RVE must be subjected to anti-

symmetry conditions along the outer radius, which were introduced by Tvergaard [12]. 

The finite element mesh of axisymmetric staggered model, with a fully ferritic matrix 

and void volume fraction f0 = 0.15 is visualized in Fig. 2.30, where the graphite nodule 

as usual is considered a void. The axis of rotational symmetry, as well as the loading 

direction, is vertical. 

The anti-symmetry is expressed with respect to point M: axial compatibility 

along the radial boundary C34 is written as 

 

( ) ( )2 1 2 1 2 M
u u uh h+ =   (2.7) 

 

The total cross-sectional area of neighboring cells is assumed to remain constant 

along the axial coordinate: 

(a) (b) 
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( ) ( )
22 2

0 1 1 0 1 2 0 12
M

R u R u R uh h � �� � � �+ + + = +� � � � � �    (2.8) 

 

Symmetry conditions along the right and left boundaries are written as 

  

23 3
2 2 C

u u
G

=  and 
45 5

2 2 C
u u

G
=    (2.9) 

 

respectively. Since the axis of rotational symmetry coincides with boundary G12, the 

following condition is imposed: 
45

2 0u
G

=  to avoid rigid motion. Little orange arrows in 

Fig. 2.30 represent the constraints on the nodes on these boundaries. 

 

 

Fig. 2.30 – Unit cell model of a staggered array of cavities (deformed configuration) 

 

The cell is loaded with an imposed U2 displacement on the master node C3; Fig. 

2.30 shows the deformed configuration of the cell at 3% of mesoscopic strain, with 

magnification factor 4. The “S” shape of G34 boundary derives from eq. (2.8). 

U2 
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The predicted stress-strain behavior by the staggered model is shown in the 

following Fig. 2.31, together with the tensile behavior of the squared array. It shows a 

minor stiffness, due to the voids disposition that evidently weakens the matrix because 

an interaction effect. Axisymmetric unit cell modeling approach is then influenced by 

the disposition and the location of extraction from the idealized microstructure. 
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Fig. 2.31 – Comparison of the mechanical behavior of squared and staggered cells 

array, at the same ferrite and graphite volume fraction 

 

2.3 Microstructure-based models 

 
2.3.1 Window models 

 
In Chapter 1 window models have been described as micromechanical 

mesoscopic models based on resolved microstructure, useful to obtain rigorous 

estimates on the mechanical response of an inhomogeneous material, on the basis of 

volume elements that are too small to be proper RVEs. 

Micromechanical modeling of nodular cast iron by window approach has been 

based on experimentally obtained phase distribution. A mixed pearlitic/ferritic ductile 

iron (melt E6 of Tab. 3.2) has been chosen and a digital image of randomly selected 

local microstructure acquired at the optical microscopy. 
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Fig. 2.32 – The strategy followed for the window model of real microstructure: from 

local micrograph to the plain strain finite element model via digital acquisition 
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The profile of all microstructural objects is then followed picked points are 

imported in a FE commercial software to generate profiles and surfaces to mesh. These 

steps are shown in Fig. 2.32. The obtained FE model consists of about 45000 nodes and 

44000 mixed four and three node plain strain elements. A contact condition between the 

graphite nodules and their encapsulating cavities is defined, with no allowable inter-

penetration between the coupling surfaces. The test window model is then subjected to 

uniform traction by a determined displacement at the boundaries. Two loading direction 

can be chosen to study the isotropy of the selected test window. By comparing the 

mechanical behavior of each loading condition, an indication on the model capacity to 

represent the entire microstructure is given too; if the stress-strain response is differs so 

much, it can be that the window dimensions are limited. In the left scheme a) of Fig. 

2.33 the model is strained along direction 1 by imposing U1 displacement to all the 

nodes on boundary GL; displacements along 1 plus 2 and along 1 direction are 

constrained on C1 and C2 nodes respectively. Similarly, in the scheme b) in Fig. 2.33 the 

window is loaded in direction 2 and constrained at the nodes C1 and C2 placed on the 

bottom boundary. 

Fig. 2.33 – Scheme of window model loading along directions 1 and 2 
 

With a window model based on the material microstructure, realistic stress and 

microfield can be simulated. In Fig. 2.34 the maximum principal stress and the 

maximum principal strain distributions in the analyzed microstructure are shown. The 

window is deformed at 5% along the horizontal direction, as the scheme of Fig. 2.33a) 

indicates, and along the vertical direction, compare Fig. 2.33b). Graphite nodules are 

not shown for clarity. A marked heterogeneity in the stress and strain distribution can be 

noticed; the nodules cavities behave as voids in a continuum, originating stress 

a) 

u1 

1 

2 

3 

u2 

b) 

GL 

GL 

C1 C1 

C2 

C2 
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concentrations at the boundaries perpendicular to the load direction. Stress is negative 

(compression) around the nodules on the faces parallel to the load axis. Tension in the 

matrix is non-uniform, specifically at the transition zones between the phases. Note that 

the same material, looking at its tensile curve, at 5% of deformation show a tension of 

about 600 MPa, while peaks in the maps of Fig. 2.34 reach 990 MPa. It’s interesting to 

notice that the highest levels of tension are found in the hard phase (pearlite), compare 

Fig. 2.33. This is because the pearlite shows a higher hardening exponent in the stress-

strain behavior, and at the same strain level is reaching higher stresses than the ferrite. 

 

 

 

Fig. 2.34 – Maximum principal stresses and strains distribution in the window model at 

5% of deformation along direction 1 and 2 

 

The strain distribution shows an interesting aspect too, i.e. the appearance of 

strain concentration bands joining some voids to others, at 45° degrees with respect to 

the loading axis in the first case and transversal to the loading axis in the second one, 

see Fig. 2.34 bottom. These bands, in which the deformation goes up to 14%, are 

determined by favorably aligned cavities and indicate possible fracture initiation sites. 
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Looking at the scheme a) in Fig. 2.33 the strain localization bands are placed on a large 

ferrite area with “Y” shape which contains a large number of aligned nodules that 

reduce the structure ligament. 

It is known that because the different thermal expansion coefficient between iron 

and graphite, during the solidification of ductile iron a residual stress field around the 

nodules is generated. A smaller window test “cut” from a corner of the window model 

in Fig. 2.32, has been implemented for the simulation of the cooling down process of 

the casted melt of iron. This smaller window test of the microstructure is shown in Fig. 

2.35. The study of the amount of residual stresses in the matrix and of their effect on the 

mechanical simulated tensile behavior has been conducted. 

 

 

Fig. 2.35 – A smaller window model is applied to simulation of the cooling down 

process in ductile iron 

 
In the FE code the thermal expansion coefficient of iron is implemented as an 

increasing function of the temperature. A cooling down process is simulated from 

900°C to 25°C, and the resulting residual thermal Von Mises stress is shown in Fig. 

2.36 left. It can be noticed a stress concentration around the nodules, especially at the 

sharpest edges, where a meaningful amount of plasticization occurs, see Fig. 2.36 right 

in which the equivalent plastic strain distribution is mapped. 

In a subsequent step of the calculation, the U1 displacement shown in Fig. 2.35 

is applied to the right boundary of the model to deform the microstructure up to 11%. A 

map of the equivalent stress and plastic strain achieved at 5%of external deformation is 

shown in Fig. 2.36 left and Fig. 2.36 right respectively. Results are similar to the 

U1 
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previous set, but now the stress peak inside the hard phase is more evident. Moreover, 

debonding of larger particles appears in the load direction. Again the formation of 

plastic bands between neighbor nodules is evident. 

 

 

 
Fig. 2.36 – Thermal residual stresses and plastic equivalent strain after cooling down 

 

The effect of the presence of the nodules in the modeling is analyzed too. If on 

one hand the modeling of graphite nodules is necessary when the cooling down process 

is taken into account (otherwise the matrix unrealistically expands filling the voids), on 

the other hand the interface mechanical strength and the same graphite strength of one 

order of magnitude smaller than the iron one, do not bring a considerable contribution to 

carry the external load; in addition the complexity of the FE calculation involving the 

contact in elasto-plastic conditions is getting much more time-consuming. 

 

 

 
Fig. 2.37 – Equivalent stress and plastic strain at 5% of deformation 
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Results of the window modeling approach to nodular cast iron are summarized 

in Fig. 2.38, where a comparison between tensile stress-strain curves is reported. There 

are few differences in the behavior of the larger window model deformed along two 

perpendicular directions: this means that the dimension of the window is large enough 

to average all the local effects. This is not true for the small cut window, i.e. the model 

of Fig. 2.35. Its tensile behavior shows much more compliance with respect to the 

bigger window, compare the curve with square symbols. An explanation to this 

behavior can be given considering the effective phases volume fraction of the two 

models: in the large window of Fig. 2.33 we find 63% ferrite, 37% pearlite, 9% 

graphite; in the smaller window model of Fig. 2.35 the volume fractions are 76% ferrite, 

24% pearlite, 13% graphite. Elastic modulus is also quite different (173GPa vs. 

134GPa). When the cooling of the melt i.e. the residual stresses are included into the 

simulation, a considerably stiffer behavior is found, see the dashed curve in Fig. 2.38. 

This is because of the plasticization of the matrix that is subjected to compression 

tensions around the nodules after cooling. A different hardening behavior (with a lower 

hardening exponent) is also found in the plastic regime. However the effect of thermal 

residual stress is probably overestimated, because no detailed information are available 

on the effective elastic properties of the meltage at high temperature, and a constant 

Young’s modulus is a strong hypothesis. 
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Fig. 2.38 – Simulated tensile curves of window modeling on ductile iron 
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2.3.2 Embedding models 

 

An embedding modeling approach to nodular cast iron has been attempted to 

create more realistic boundaries on the previous window model. This last offers the 

advantage of reproducing the stress and strain microfields of the real microstructure 

with a relatively small request of calculus resources, but the imposed boundary 

conditions are not periodic as requested when the overall structure is represented by a 

micro-volume. Embedding model here proposed, see Fig. 2.39, uses the previous 

window model as a highly detailed core (local heterogeneous region), embedded in an 

outer region (in light blue in Fig. 2.39) that serves mainly for transmitting the applied 

external load without perturb the local microfield. Therefore the outer region must have 

adequate dimensions. In the model in Fig. 2.39 the embedding region has been created 

multiply by 5 times the external dimensions of the microstructural window; about 7300 

elements have been added to the mesh (not shown for clarity) of Fig. 2.35. 

 

 

Fig. 2.39 – A 51300 elements embedding model of nodular cast iron microstructure 

 

A material description must be chosen for the outer region that is compatible to 

the smeared-out behavior of the core; the approach here used ascribes to the effective 

EMBEDDING 
MATERIAL 

CORE 
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behavior of the surrounding medium the homogenized mechanical response of the core, 

i.e. the stress-strain behavior of Fig. 2.38 along direction 1. If the effective material 

behavior is not known a priori, a strategy with this type of models is to adopt a self-

consistent approach which determines the effective behavior via iteration, see for 

example [25]. 

The embedded window is loaded by a homogeneous strain applied to the outer 

boundaries in horizontal direction equal to 7%, while appropriate boundary conditions 

are applied. This time we are not so much interested to the mechanical response of the 

model (that is in practice coincident with the medium response…), rather than in the 

study of the mechanics of microstructure local deformation. A result of the calculation 

in terms of plastic strain magnitude distribution is shown in Fig. 2.40. The formation of 

plastic bands with strains up to 23% appears more evident than in the previous schemes. 

 

 

 
Fig. 2.40 – Plastic strain distribution into the embedding microstructure model 

 

2.3.3 Use of periodic BCs on window models 

 

Periodic boundary conditions (BCs) on window models have been introduced in 

the section 1.3.2 of Chapter 1. This modeling approach has been described as a useful 

tool to study the stress and strain fields at the microstructural level of inhomogeneous 

materials under the action of far field mechanical loads, without loss of information or 

generality. An attempt of this type has been made on three window plane strain FE 

models of three respective nodular cast iron real microstructures, differing in graphite 



Chapter 2 Micromechanical Modeling of Nodular Cast Iron  72 

 

volume fraction and in matrix structure. The periodicity assumption requires full 

compatibility of each opposite boundary pair of the model. With reference to the 

window model in Fig. 2.41, the corresponding kinematics and natural boundary links 

[26] for related points on opposite boundaries are given by: 

 

34 4 12 1C C
u u u u

G G
- = -

   (2.10) 

14 1 23 2C C
u u u u

G G
- = -

   (2.11) 

12 34

n ns s
G G

× = - ×
    (2.13) 

14 23

n ns s
G G

× = - ×
    (2.14) 

 

where u  is the vector of displacement (u1, u2) and n  denotes the outward normal on the 

boundary. A tensile loading condition in 1-direction (see Fig. 2.41) is prescribed to 

deform the window. Furthermore, rotations are prevented by the following condition for 

the vertices C1 and C2: 

 

1 2
2 2C C

u u=    (2.15) 

 

 
 

Fig. 2.41 – Scheme of the window model with periodic boundary conditions 
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The relative displacements of C4 are unspecified and follow from the analysis, whereas 

the displacements of C3 are tied to the other vertices: 

 

3 2 4 1C C C C
u u u u- = -    (2.16). 

 

A local digital analysis of the three considered microstructure has revealed the 

effective volume fractions of graphite, as usually modeled as voids in the matrix, and of 

the ferritic and pearlitic phases. 

 

 

Fig. 2.42 – Window models of local nodular cast iron microstructures of Tab. 2.2 

 

Data are reported in the following Tab. 2.2; the graphite volume fraction is 

nearly constant, while a good variety of matrix structure has been selected. 

Corresponding window models are depicted in Fig. 2.42. 

The arrangement of the window model with periodic BCs is depicted in Fig. 

2.43: the use of periodic boundary conditions on the RVE reproduces a microstructure 

in which the deformation of each window is accomodated by the neighbour window. 

 

Tab. 2.2 – Microstructure composition of the window models 

 

Model Number of 
elements 

yyyy G% yyyy F% yyyy P% 

1 5447 12.5 100 0 

2 1537 11.4 68 32 

3 3125 10.6 19.6 80.4 
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Fig. 2.43 – Position of window (model 1) with respect to neighbouring RVEs in a 

deformed state 

 

The material of the constituents is modeled as section 2.2.2 indicates, i.e. by an 

elastic-plastic Ramberg-Osgood type model. A tensile loading condition in direction 1 

is imposed on the windows by a 3% mesoscopic homogeneous strain. Calculation is 

conducted with ABAQUS commercial software. 

In Fig. 2.44 the Von Mises stress contours are shown on deformed configuration 

with constant deformation scale factor 3. Note the perfect periodicity at opposite 

boundaries, in the displacements and in the stresses too. The deformation is strongly 

localized in a specific path joining three big 45 degrees aligned cavities into the model 

1, which is characterized by a homogeneous matrix. In model 2 a stress concentration is 

noticed into a narrow pearlitic ligament, which bridges two ferritic areas. Window 

model number 3 shows high heterogeneity into the stress contour; nonetheless it’s worth 

to underline the fact that bull’s eye ferrite around the nodules is subjected to a nearly 

uniform stress. The stress microfield into the pearlite phase is highly disturbed by the 

presence of different size nodules. 

The prominent feature of this approach can be the transition from the medium 

with a periodic microstructure to an equivalent homogeneous continuum, which 

effectively represents the material. An attempt of modeling the constitutive law of the 

bulk material is shown in Fig. 2.45, in which the stress-strain curves obtained from the 

window models with periodic BCs up to 3% of deformation are plotted. 

A comparison with the relative response of equivalent (i.e. with the same 

graphite volume fraction and matrix structure) axisymmetric unit cells indicates in all 
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cases a higher, nearly constant, compliance of the window models. This aspect, 

common to the micromechanical models based on real microstructure, can be 

understood when severe discontinuities in the phase arrangement and strain 

localizations into well defined paths are accounted for. 

 

 
 
Fig. 2.44 – Contours of von Mises equivalent stress in the window models with periodic 

BCs; from 1 to 3 the microstructures contain increasing pearlite content 

 

It’s worth to note that the use of plain strain elements in window-type models 

has a strong effect on their stress-strain response. 

1 

2 
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Fig. 2.45 – Stress-strain curves of periodic window models in comparison with 

equivalent axisymmetric unit cell models. 
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Chapter 3 

 

Microstructure and Mechanical 

Behavior of Nodular Cast Iron 

 

 
3.1 Introduction 

 

In this chapter the results of an experimental mechanical characterization of a set 

of twelve nodular cast irons are presented. The twelve meltages have been casted and 

analyzed by the colleagues from the Department of Materials Engineering at University 

of Zilina, Slovakia, in the framework of a cooperation on computational modeling of the 

mechanical response of materials with heterogeneous microstructures. A deep 

microstructural analysis of the same cast irons, standard hardness and impact toughness 

measures have been already conducted. 

The experimental activity carried out on these materials in the framework of this 

dissertation comprised: 1) metallographic characterization, 2) tensile tests and 3) 

damage visualization in deformed microstructures. 
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Tensile tests on these twelve nodular cast irons were carried out in order to have 

a reference mechanical characterization to be used during model development.  

The aim of the modeling activity was to identify the role of several 

microstructural features, such as i) ferrite and pearlite volume fraction in the metal 

matrix of the material, ii) graphite volume fraction, iii) nodules density and shape, on 

the mechanical response of nodular cast iron. Therefore a metallographic 

characterization of material sections via digital commercial software and a direct 

comparison with the results obtained by traditional stereological methods. More 

information on the metallographic preparation of metal specimens are reported in 

Appendix B.  

Finally to determine the strain field distribution and the damage mechanisms at 

the microstructural level, a three points bending test methodology has been set up and 

applied to selected nodular cast irons. 

The experimental activities reported here have been at the basis of the 

micromechanical modeling activity presented in the Chapter 2, and discussed in the 

following Chapter 4. 

 

 

3.2 Materials 

 

Twelve melts of nodular cast irons were produced at the Department of 

Materials Engineering of Zilina, Slovakia, giving a wide variety of microstructures. 

Their chemical composition in weight % is reported in Tab. 3.1, [1]. The ductile cast 

irons had different charge compositions, type of modifier, inoculation and additives: an 

initial D in the reference number identifies melts with FeSi addition while an initial E is 

associated to a SiC addition, casted at about 1320-1360 °C. Carbon content is in the 

meltages nearly constant around 3.7%, and so the P and Si content. In the last column 

the carbon equivalent CE is reported; it indicates that all ductile irons are hypereutectic. 

Fig. 3.1 shows some selected microstructures, [2], obtained after polishing and 

then etched by Nital 3%. The 100x magnification is the same for all micrographs. They 

demonstrate different ferrite (white areas) to pearlite (dark areas) ratios of the matrix, 

and graphite nodules varying in number (more he ferrite more the number of small 

nodules), quality (smoothly round rather than indented) and size. 
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A deeper inspection of the microstructures in Fig. 3.1 shows that the ferrite 

phase always surrounds the graphite nodules, without dependence from the ferrite 

volume fraction. When ferrite volume fraction is low, see for example Fig. 3.1 b) and 

3.1 f), the typical “bull’s eye” structure given by a ferrite layer concentric with the 

graphite nodule is obtained. On the other hand, when the content of ferrite is higher, 

free ferrite islands (“chunk ferrite” in the case of a non mixed matrix) contain more than 

one graphite nodule, see for example Fig. 3.1 a) and 3.1 e), while pearlite occupies the 

remaining material volume. 

 

Tab. 3.1 – Chemical composition (weight %) of the twelve meltages, [1] 
 

Meltage C Mn Si P S Cr Cu Mg CE 

D1 3.73 0.3 2.8 0.069 0.016 0.02 - 0.042 4.69 

D2 3.69 0.3 2.8 0.075 0.016 0.04 - 0.05 4.65 

D3 3.62 0.46 2.8 0.07 0.012 0.03 0.037 0.05 4.58 

D4 3.66 0.34 2.95 0.08 0.016 0.04 0.26 0.051 4.67 

E1 3.71 0.28 2.85 0.063 0.010 0.04 - 0.046 4.68 

E2 3.69 0.26 2.95 0.063 0.010 0.04 - 0.045 4.69 

E3 3.71 0.028 3.15 0.066 0.010 0.04 - 0.053 4.78 

E4 3.69 0.26 3.1 0.066 0.010 0.04 - 0.045 4.75 

E5 3.69 0.26 3.10 0.063 0.010 0.040 - 0.046 4.74 

E6 3.68 0.28 2.85 0.064 0.012 0.03 - 0.047 4.65 

E7 3.73 0.24 2.93 0.068 0.010 0.04 0.58 0.073 4.73 

E8 3.69 0.26 3.08 0.065 0.010 0.04 0.66 0.046 4.74 

 

Therefore, if looked at in the optics of a micromechanical approach, nodular cast 

iron shows the nature of a composite, multi-phase, heterogeneous material. Two phases 

having strongly different mechanical response are well distinguished when the 

microstructure is correctly etched; depending on the relative volume fractions, pearlite 

and ferrite are in the three-dimensional material structure well separated or 

interpenetrating each other, making really complex the load transfer. Because of the 

very low strength of graphite particles, nodular cast iron owns also the characteristics of 

a porous material, in which size, shape and spacing of the cavities have a wide variety.  
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a)  D 3 

 

 
b)  D 4 

 

 
c)  E 2 

 

d)  E 5 
 

 
e)  E 4 

 

 
f)  E 8 

 

Fig. 3.1 – From a) to f) some of the microstructures of Tab. 3.1 (Nital 3%, 100x) 
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Voids and their mutual interaction in the matrix naturally affect the mechanical 

behavior, in a way that can not be simply elucidated when a deep investigation and an 

“ad hoc” microstructure design are requested. 

 

 

3.3 Microstructure characterization and mechanical strength 

 

3.3.1 Microstructure analysis 

 

As mentioned in the second chapter, the strength of nodular cast irons depends 

above all on the constitution of the metal matrix, [1, 2]. Moreover the quantity (volume 

fraction), size and shape of graphite nodules play a meaningful role. 

Control of the chemical composition of the melt and of the casting process 

makes it possible to obtain a fully ferritic matrix structure characterized by ductility up 

to 25% and a mechanical strength similar to low carbon steel. At the opposite, a fully 

pearlitic matrix can give a tensile strength up to 800 MPa but with low impact 

toughness and ductility. In technical applications, a matrix with both ferrite and pearlite 

with intermediate mechanical properties is often found, [3, 4]. The metallographic study 

of the microstructure is then an essential tool for a fully understanding of its bi-univocal 

relation with the mechanical behavior. 

The microstructures of the available set of nodular cast irons were studied at 

University of Zilina using a NEOPHOT 32 metallographic microscope, on the basis of 

the classical quantitative stereology. According to Slovak standard, the following 

parameters were quantified: 

 

1. volume fraction of graphite y G 

2. nodule count (number of nodules per mm2) 

3. spherical quality of graphite nodules, with the convention of grade I = flake 

graphite, grade VI = round shape nodules 

4. size of nodules, which goes from 1 to 10 in order of decreasing size 

5. percentage of ferrite phase y F in the matrix, the rest being pearlite y P. 
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The main results of the experimental activity are summarized in Tab. 3.2, [2]. 

Volume fractions of graphite and ferrite in the matrix were successively calculated by 

the digital analysis of metallographic sections with commercial software. The table 

actually reports these results, while a direct comparison of the two methods, 

stereological and computerized, is shown in Fig. 3.2. A good agreement is found. 

Ferrite volume fraction of in the matrix goes from 15.3% to 93.5%, i.e. from a 

nearly fully pearlitic to a fully ferritic structure. The mean volume fraction of graphite 

in the microstructure is around 12%, going from 9 to 15%, depending of the ferrite 

content, compare Fig. 3.3. The resulting regression of y F vs. y G data is fairly linear and 

shows a tendency of increasing by the graphite percentage with the ferrite content in the 

matrix. The graphite in the analyzed ductile irons is mostly in the shape of regular 

nodules, because only a small amount of nodules have irregular shape, from 10 to 30% 

of the total. 

 

Tab. 3.2 – Microstructural features and mechanical properties of cast irons of Tab. 3.1 
 

Melt 
No. Graphite form N 

(mm-2) 
yyyy G 
(%) 

yyyy F 
(%) 

E 
(GPa) 

ssss0 
(MPa) 

ssssu 
(MPa) 

Af 
(%) 

KC0 
(Jcm-2) HB 

D1 90%VI6+10%V7 113 15.2 79.7 154 350 508 16 16 205 

D2 70%VI5+30%V6 100 13.1 65.6 139 395 600 5 16 203 

D3 70%VI6+30%V7 119 12.8 73.7 108 286 550 10 49 181 

D4 80%VI5+20%V6 83 10.4 26.5 145 410 617 8 11 249 

E1 80%VI7+20%V7 131 12.1 72.6 191 401 556 16 69 174 

E2 90%VI7+10%V7 160 9.4 58.2 157 403 575 13 38 194 

E3 80%VI6+20%V7 121 13.8 70.4 171 302 556 15 51 170 

E4 70%VI6+30%V6 117 12.3 55.6 188 350 506 4 6 216 

E5 80%VI7+20%V7 174 15.0 93.5 162 350 535 15 90 178 

E6 90%VI7+10%V8 196 13.1 85.8 150 385 610 13 75 174 

E7 90%VI5+10%V6 92 9.1 19.5 151 450 690 4 14 201 

E8 70%VI5+30%V7 96 9.8 15.3 172 465 742 5 11 221 

 

Nodule counting in Tab. 3.2 goes from 83 to 196 nodules per squared 

millimeter, giving a wide variety of nodules size because of the nearly constant carbon 

content in the meltages. Looking at the ferrite content vs. nodule count plot, Fig. 3.2, a 
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drop in the fitting curve is found for the very low ferrite content, indicating that in 

pearlitic nodular cast iron we can expect big graphite nodules in a low number. The 

same tendency is found to be if the impact toughness KC0 is plotted vs. the ferrite 

content, compare Fig. 3.4, [2]. 
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Fig. 3.2 – Relation between nodule count and ferrite percentage in the matrix 
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Fig. 3.3 – Relation between graphite percentage and ferrite content in the matrix 



Chapter 3 Microstructure and Mechanical Behavior of Nodular Cast Iron 86 

 

The results of standard tensile test, impact toughness on unnotched specimens and 

Brinell hardness tests are also given in Tab. 3.2. Tensile tests were conducted in the 

laboratory of the University of Parma, the other experimental activity was performed by 

the slovak colleagues. These results are here reported and briefly discussed for 

completeness and clarity’s sake. 

 

3.3.2 Hardness and impact toughness 

 

Hardness is apparently influenced by nodule count (increasing nodule count 

implies decreasing hardness) and ferrite content (increasing ferrite percentage implies 

decreasing hardness). Impact toughness of nodular cast iron instead increases with 

ferrite volume fraction, although the aforementioned influence of nodule count 

(increasing nodule count implies increasing impact toughness), [2, 5]. Both mechanical 

properties are not significantly affected by the percentage of perfectly rounded particles, 

at least up a certain degree when nodule shape becomes too distorted. 

 

 

Fig. 3.4 – The role of percentage of ferrite on impact toughness and hardness, [2] 

 

Trend lines are introduced in the plot of Fig. 3.4 shows that an increase in ferrite 

percentage yields an expected reduction in hardness but also a highly beneficial 

improvement in impact strength, although only above 70%, [2]. 
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3.3.3 Tensile behavior 

 

Monotonic tensile test have been conducted for all the twelve meltages in Tab. 

3.1. Each specimen was machined from the unused standard samples for the Charpy 

impact test (i.e. from squared prism 55x10x10 mm), with the shape of the sketch in Fig. 

3.5. Although the rectangular cross section agrees to the ASTM E8 norm [6], the 

specimen geometry is different than required by the standard. Tensile tests have been 

made on a MTS 810 servo-hydraulic machine, with a constant deformation rate equal to 

8·10-3 mm/s. A 10 mm strain gage was applied in correspondence of the calibrated 

length L0 = 15 mm. 

Results of the tensile test on the nodular cast irons are reported in Fig. 3.6, where 

the nominal stress s  = F/A0 vs. the strain e = L’/L is plotted. In addition a full pearlite 

and full ferrite spheroidal cast irons are reported. 

 

 
 

 

Fig. 3.5 – Geometry of the tensile test specimen, dimensions in mm 

 

From the analysis of all (s-e ) tensile curves, elastic modulus (E), yield strength 

at 0.2% of residual strain (s0), ultimate strength (su) and elongation to failure (Af) have 

been calculated, see Tab. 3.2. The examined ductile irons show a wide variety of 

ultimate strength values and, above all, of elongation to failure, i.e. ductility. The yield 

strength goes from 286 MPa of D3 melt (10% ductility) to 465 MPa of E8 melt (5% 

ductility); ultimate strength goes from 508 MPa of D1 cast iron (Af = 16%), to 742 MPa 

for E8 (Af = 5%). The influence of the matrix microstructure on the constitutive laws of 

the nodular cast iron can be then quantified: an increasing (decreasing) volume fraction 

of pearlite (ferrite) in the matrix is found to increase (decrease) the ultimate strength, 

and reduce (raise) elongation to failure in accordance to data from literature, for 
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example [1]. When the percentage of ferrite is similar (see for example metages D2 and 

E1), a decrease in size of graphite particles and an increase of nodule count results in a 

decrease in su, and an increase of elongation to failure. 

Large particles and small nodule count along with a small percentage of ferrite 

result in low elongation to rupture and a high ultimate strength, as in the case of E7 

meltage. When E6 cast iron is considered, high ferrite content and count number, and 

small particles result in high ductility and reduced strength. Furthermore, irregular 

nodule surfaces tends to decrease the mechanical properties, as confirmed when 

comparing the stress-strain curves of melts E1 and D2 in Fig. 3.6. 
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Fig. 3.6 – Tensile curves of the nodular cast irons of Tab. 3.2 

 

The impact of matrix structure and graphite content on strength of nodular cast 

iron appears very clearly in Fig. 3.7(a) and 3.7(b), in which yield and ultimate strength 

are plotted. Both an increase in ferrite and in graphite volume fractions bring to the 
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decreasing of mechanical resistance. Figure 3.8 shows the elongation to failure vs. the 

ferrite volume fraction; in agreement with the impact toughness, compare Fig. 3.4, it is 

an ascending function. Since graphite nodules can be considered as voids in the matrix, 

it has a significant effect on elastic modulus and Poisson ratio too. The elastic modulus 

of ductile iron is about 10-15 % lower than that of steels, [3]. 
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Fig. 3.7(a) - The role of ferrite on yield and 

ultimate strength 

Fig. 3.7(b) – The role of graphite content on 

yield and ultimate strength 
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Fig. 3.8 – The role of ferrite on elongation to failure (i.e. ductility) 

 

This trend is with good agreement confirmed from the conducted analysis, being 

the elastic modulus a decreasing function of the volume fraction of graphite, even if 

other parameters linked to the shape of nodules, play a role on the elastic behavior. In 
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fact by the other hand, the Young’s modulus significantly increases as the shape of 

graphite changes from semi-spheroidal to perfect nodular, at the same volume fraction 

of graphite, [3]. 

 

3.3.4 Secondary microstructural parameters 

 

A deeper study of the role of the microstructure on the mechanical behavior has 

focused the attention on the characteristics of the voids in the available ductile irons, i.e. 

of the graphite nodules. A set of three cast irons with high (93.5%), intermediate 

(55.6%), and low (15.3%) ferrite content in the matrix, with reference to Tab. 3.2 the 

meltages E5, E4 and E8, has been analyzed, see Fig. 3.1. The shape quality of nodules 

and the intra-nodule spacing have been taken into account as parameters of interest. 

Data acquisition has been made by the digital analysis of metallographic sections; a 

statistical elaboration has followed. 

The Area-Perimeter definition of shape factor, SAP, of a graphite nodule was 

used, [7]:  

 

2

4· ·
AP

A
S

P
p

=    (3.1). 

 

   

Fig. 3.9 – Probability distribution of the shape-factor S 
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The shape factor can only range between 0 (for a line-shape object) and 1 (for a perfect 

circle). The statistical distribution of the shape factor in the three microstructures, are 

depicted in Fig. 3.9. Peaks in probability of S are determined at 0.95, 0.85 and 0.8 for 

materials E5, E4 and E8 respectively; these values confirm the good quality of the 

nodules, compare Tab. 3.2. Secondary peaks are found at lower S values (i.e. 0.6). The 

shape factor of graphite nodules is known to affect both elastic modulus and strength of 

the nodular cast iron, [1, 8]. 

The nodule spacing has been also analyzed by the introduction of two 

parameters, the mean free path �  and the center-to-center distance s. The mean free path 

�  is defined as the average uninterrupted distance between all possible pairs of particles 

in a micrograph, as shown in the scheme of Fig. 3.10, see also [9]. It does not depend on 

the particles size, shape or distribution, and in recent studies it has been demonstrated to 

correlate with strength measurements of structures reinforced by discrete second-phase 

particles, [10]. 

 

 
 

Fig. 3.10 – A nodular cast iron microstructure showing all possible free paths between 

particles 

   

  Two methods to determine the mean free path are applied and presented here: in 

the first method, based on a variation of Gensamer’s method, the mean free path l G is 

automatically calculated after a digital analysis of micrographs with commercial 

software. The second method is a mathematical estimation of l  with the Fullman’s 

stereological equation, [11]: 
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=    (3.2) 

 

where VV is the volume fraction of the nodules, i.e. (Area of nodules/Area of frame), 

and NL is the (particles intercept/unit length) ratio determined by superposition of a grid 

on the micrograph. The center-to-center distance s takes into account the distance 

between the centers of all possible particles. It can be estimated with the following 

equation, [11]: 

 

1

LN
s =    (3.3) 

 

The results for the three nodular cast irons E5, E4 and E8 are summarized in 

Tab. 3.3. Microstructure E5 has the shortest mean free path and center-to-center 

distance between nodules, microstructure E8 the longest, microstructure E4 shows a 

mean value. It means that an increasing ferrite content in the matrix promotes a higher 

nodule count of small, narrow-spaced nodules. About the calculation approaches,  l G, in 

all cases is longer than l F,  although the material ranking is the same. The center-to-

center distance s, as expected, is always larger than both l G  and l F. 

 

Tab. 3.3 – Mean free path and center-to-center of selected nodular cast iron 
  

Melt yyyy F (%) 
lll l G 

(mm) 

� F 

(mm) 

ssss     

(mm) 

E5 93.5 0.082 0.11 0.14 

E4 55.6 0.132 0.19 0.22 

E8 15.3 0.235 0.33 0.37 
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3.4 Damage mechanism and strain localization in nodular cast iron 

 

3.4.1 Overview 

 

Damage initiation and failure of multi-phase materials is governed by the 

inhomogeneous nature of stress and strain distributions that depends on the 

microstructure. The elastic-plastic behavior, the volume fraction and phase arrangement 

of the constituents play a fundamental role on the micromechanism of damage initiation 

and propagation in the material. Eldoky and Voigt [12, 13] studied the fracture process 

of ductile iron, operating in situ observations at the scanning electronic microscopy on 

loaded specimens. They showed that the initiation and growth of cracks in nodular cast 

iron generally begins with the separation between nodular graphite and matrix, which 

take place under low stress; plastic deformation in matrix around nodules then appears, 

followed by the initiation of microcracks in deformed matrix between nodular graphite. 

As next step the linkage of graphite cavities by microcracks up to the formation of 

larger microcracks occurs, until the linkage of main crack and selected microcracks 

don’t form macrocracks that brings to the collapse. Fig. 3.11 shows an in-situ SEM 

observation of the process in a full-ferritic ductile iron loaded at 5% of external strain, 

[14] (direction of load is horizontal). 

 

 
 

Fig. 3.11 – Damage in a full ferritic eutectic cast iron [14] 
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The image can show what is happening in a 2D dimension only and not in the 

bulk material, but marked cracks along favorite alignments of nodules dispositions are 

visible. 

Guo and Lu [15] also observed similar fracture mechanism in pearlitic ductile 

iron with chunk ferrite. Chunk ferrite undergoes larger deformation than pearlite before 

breaking and effectively retards the growth of the microcracks. The retardation is 

strengthened with increase of ferrite. They found that in comparison with bull’s eye 

ferrite, the chunk ferrite can make the growth of crack undergo more deflection. 

 

3.4.2 Failure mechanism 

 

Dual microstructure around nodular graphite makes the initiation of cracks 

between graphite and matrix more difficult and complex to understand. Kone� ná et al., 

[16], have conducted impact test on notched and unnotched specimens of nodular cast 

iron with ferrite-pearlite microstructures, demonstrating that ductile irons with mixed 

matrix have a complex response, compare Fig. 3.12.  

 

 

Fig. 3.12 – Notch toughness and impact toughness of nodular cast iron, [16] 

 

The unnotched impact toughness (i.e. KC0) shows how a 10% increase in ferrite 

content results in an increase in KC0 from 20 J/cm2 to 80 J/cm2, while the presence of a 
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notch (i.e. KCV) makes the toughness less sensitive to the ferrite volume fraction: in 

other words the dominating failure mechanism change with matrix microstructure. 

With the aim of a deeper comprehension of the micro mechanisms of failure in 

mixed-matrix ductile irons, the same authors have studied the fracture surfaces after 

impact loading, [2 ,16]. Two interesting selected images taken at the scanning electron 

microscope are here reported in Fig. 3.13. 

A cast iron having 19.5% of ferrite and an impact toughness KC0 = 14 J/cm2, 

Fig. 3.13(a), can show a transcrystalline continuous cleavage through the ferrite capsule 

surrounding the nodule, even if typically ferrite fails with a ductile mechanism; on the 

other hand, a cast iron having 85.8% of ferrite and an impact toughness KC0 = 75 

J/cm2, can evidence extensive cavitation around the graphite nodules, plastic 

deformation of the matrix between nodules, but transcrystalline ductile fracture of 

pearlite, with fine dimples in the necked region, Fig. 3.13(b). Fracture micro-

mechanisms of each phase, which have been found to be of opposite nature for an effect 

of strain constriction, are then dependent also from the morphology and the arrangement 

of the phases themselves. 

 

 

Fig. 3.13(a) – SEM micrographs of E7 

fracture surface 

 

Fig. 3.13(b) – SEM micrographs of E6 

fracture surface 

 

3.4.3 Strain localization 

 

Localization and evolution of strain due to mechanical loading in nodular cast 

irons having different ferrite/pearlite matrix structures have been studied with the aim of 
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looking at the damage initiation sites and micromechanisms in a heterogeneous 

structure. The following experimental approach was devised: prismatic sample is 

machined for each selected ductile iron, and the “bottom” surfaces polished and etched. 

The specimen is then subjected, in a servo-hydraulic testing machine, to a three-point 

bend loading condition, as showed in the scheme of Fig. 3.14, up to the plastic range, 

before unloading. In such a scheme of load the moment, thus the stress and the strain, 

have a linear trend with the maximum on the symmetry plane. 

To investigate the strain distribution and the microdamage features in the 

microstructure, different locations (five in total, at a distance of 1.5mm one from the 

other) on the polished surface were selected starting from the symmetry axis, and 

magnified digital images were acquired, before and after loading, at each location, 

compare Fig. 3.15. 

 

 

Fig. 3.14 – 3 point bending loading scheme on a prismatic specimen 

 

Associated to specific external, homogeneous strain levels (that naturally 

depends on the distance from the symmetry plane), by a careful observation at the 

optical microscope the typical phenomena of strain localization and micro-fields 

inhomogeneity appear. 

In Fig. 3.15 the undeformed and the corresponding deformed microstructure at 

the midpoint of an E6 nodular cast iron specimen is showed; the loading direction is 

horizontal, the applied macroscopic strain in this point is 12%. Initiation of damage 

occurs at the matrix/nodule interface already under low strain (about 2.5%), when 

debonding (point A) starts. This underlines the relatively weak strength at the interface. 

Most evident plastic deformation concentrates in the ferritic phase around the particles, 

where diffused plastic slip bands appear (B), perpendicular to the loading direction. 
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Larger or irregular graphite nodules cause more severe strain localization and slip bands 

in the surrounding ferrite. Progressively the voids grow along the loading direction, and 

initiation and growth of microcracks develops in the ferrite over the slip bands, 

evidently because the hard phase carrying the load makes the ferrite areas to slip each 

other. The closer voids are linked by microcracks, promoting the formation of bridging 

larger cracks (C). Linkage of these cracks forms macrocracks crossing also the second 

phase. This matrix shearing mechanism is expedited where the ferrite areas are larger 

and contain a large number of aligned nodules. No internal cracking of the nodules is 

observed at any strain level. 

 

 

 

 

Fig. 3.15 – The microstructure of a ferritic/pearlitic ductile iron, in the a) undeformed 

configuration, b) deformed configuration (arrows indicate loading direction) 

 

a 

b 
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To quantify the heterogeneity of the strain field into the microstructure, a direct 

comparison of the measured strains between chosen “easy” reference points (generally 

particles are taken as markers) with a companion finite element (FE) model has been 

made. The constitutive law of the model was the specific point-by-point stress-strain 

curve of the nodular cast iron, and ABAQUS commercial software was chosen. A 

typical deformed FE model of the bar bent in the plastic range is shown in Fig. 3.16, 

where the plastic strain is mapped (note a maximum residual strain of 3.4%). The 

relative computed residual strain distribution on the lower surface of a bend bar is given 

in Fig. 3.17, in which a comparison between experimental and computed strains is 

attempted. 

 

 
 
 

 

 
Fig. 3.16 – Deformed specimen and 

computed residual strains 

Fig. 3.17 – Computed vs. experimental 

residual strains 

 

A normalized distance is introduced, defined as the ratio between current 

distance and maximum distance from the midpoint, in which moment and strain reach 

the highest amount. At three locations of the normalized distance, several experimental 

strain measurements were obtained; all data are between the max. (square symbols) and 

min. (triangles) values indicated in Fig. 3.17. It can be observed that scatter of data is 

high, and that strains are not monotonically decreasing with the normalized distance. 

Compared with a homogeneous equivalent (in terms of mechanical response) material, 

experimental data straddle the computed residual strains, here denoted by FEM. 
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The strain field in a material with a heterogeneous structure as nodular cast iron 

with mixed ferrite/pearlite matrix results highly inhomogeneous. If weak and hard 

phases or geometrical discontinuities are present, as in the current case, strain localizes 

in weak phase or around the discontinuities, and its measurement strongly depends from 

the point in which the analysis is made. It’s worth to notice that the macroscopic, well 

known, externally imposed strain level is not a sufficient information to quantify the 

local strain and stress levels inside the microstructure. In the case of dual-phase ductile 

irons, we can experimentally find local strains about 2 times greater than the predicted if 

a uniform homogeneous material under the same load is considered. The cause of strain 

localization and disuniformity are microstructure dependent, and involves, in the case of 

ductile iron, the nodules cavities and the presence of two interpenetrating phases of 

substantially different mechanical response. 
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Chapter 4 

 

Direct Correlation of Modeling with 

Experimental Results 

 
 
4.1 Introduction 

 

In this section a direct comparison of the finite element modeling results with 

experimental data on nodular cast iron is presented. In Chapter 2 some micromechanical 

models of i) periodic porous microstructure and ii) resolved “window” microstructure 

have been introduced. In the first case the attempt is to reproduce the material in a very 

simple, schematic way; the phases volume fractions are equivalent only at the meso-

scale, not locally. This means to ascribe some properties deduced from the analysis of a 

quite large window of the real microstructure, to a small volume (the elementary cell) in 

which the calculation is conducted. Different arrangement of the voids in the idealized 

microstructure can be considered, and this affects the global (or, better, the mesoscale) 

elasto-plastic behavior of the composite. Periodicity of the cell is obtained via 

appropriate boundary conditions at its bounds; therefore the problem is relative to the 

solution of stress and strain fields into these bounds. The meso-mechanical behavior is 
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then of interest, once the behavior of each phase is defined. In the present work it has 

been showed that the axisymmetric unit cell, frequently found in the literature especially 

applied to the study of damage of ductile materials, is applicable to the study of the 

mechanical behavior of multiphase material, at least of dual-phase ones like the nodular 

cast iron. That is the novelty of the present work. 

The second group or class of micromechanical modeling approaches presented in 

this work is based on the faithful reproduction of the microstructure in a “cut window” 

in which the FE calculation is made. Here the problems concern two aspects: how big 

the window must be to average all the local phenomena without loss in definition, and 

which is the accuracy we can obtain in predicting the mechanical behavior (e.g. the 

monotonic tensile curve) via a bi-dimensional model. Actually the finite elements used 

in window models are generally of plain-strain type, which corresponds to reproduce a 

microstructure where cavities are cylinders, while in three-dimensional axisymmetric 

models cavities are spheres. Different stiffness can be then expected. And it has been 

found. A common, critical aspect of the material modeling at the microscale is the 

choice of the constitutive law for each phase we have in the composite. If ever the 

macro-behavior of the material is known from mechanical testing on samples, the 

inverse problem of determining each phase behavior is not of easy resolution. Suresh et 

al. [1, 2], Shan and Gokhale [3] and Pesek et al. [4], have shown how the instrumented 

local indentation test can be a useful strategy to know the elasto-plastic properties of a 

phase, once the reverse computational modeling of the test is conducted. This means to 

assume a model for the material constitutive law, in which the parameters, obtained via 

re-iteration methods, consent to reproduce with high accuracy the mechanical test. 

Data on tensile properties about the phases present in nodular cast iron, i.e. ferrite 

and pearlite, are few in literature. Ferrite actually is an iron-Silicon alloy (with 3-3.5% 

Si), where silicon highly affects the mechanical properties. Pearlite is ferrite with fine 

lamellar planes of Fe3C (cementite); its mechanical properties have a certain variability 

also. The knowledge of precise elasto-plastic constitutive behavior of the phases is 

requested when the aim of the micromechanical model is the exact reproduction of the 

composite behavior. It’s not difficult to believe that the most relevant parameter 

affecting a micro-mechanical model response is just the constitutive law of the phases. 

In the following a direct comparison of modeling results with the behavior of 

three selected nodular cast iron is attempted. The results are interesting because of the 
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good agreement between simulated and real data; besides this, they give a direct idea of 

the response of each model (axisymmetric or plain strain-type) and of the kind of 

information and utility they provide. The advantages and the limitations of such a 

modeling activity are finally drawn. 

 

 

4.2 Experimental evidence on selected cast iron microstructures 

 

Results of the experimental characterization of the microstructural and 

mechanical properties of twelve different nodular cast iron microstructures have been 

reported in Chapter 3. In the framework of micromechanical modeling, their utility was 

to obtain reference data for model assessment. Three typical microstructures with 

decreasing ferrite content are here considered in a direct comparison with computational 

results, see Fig. 4.1. A decreasing volume fraction of ferrite characterizes the 

microstructures from a) to c); results of the microstructural analysis and of mechanical 

testing are indicated in Tab. 4.1, which is an extract of Tab. 3.2. 

 

 

Fig. 4.1 –Microstructures of nodular cast iron with a decreasing  

content of ferrite in the matrix a) 94%, b) 55%, c) 15% 

 

Tab. 4.1 – Microstructural features and mechanical properties of cast irons of Fig. 4.1 
 

Melt 
No. Graphite form N 

(mm-2) 
yyyy G 
(%) 

yyyy F 
(%) 

E 
(GPa) 

ssss0 
(MPa) 

ssssu 
(MPa) 

Af 
(%) 

KC0 
(Jcm-2) HB 

E4 70%VI6+30%V6 117 12.3 55.6 188 350 506 4 6 216 

E5 80%VI7+20%V7 174 15.0 93.5 162 350 535 15 90 178 

E8 70%VI5+30%V7 96 9.8 15.3 172 465 742 5 11 221 
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4.3 Simulation of tensile behavior with micromechanical models 

 

The axisymmetric cell model was calibrated to predict the tensile behavior of the 

three nodular cast irons in Tab. 4.1. The direct comparison between unit cell modeling 

results and experiments in terms of constitutive stress-strain response is reported in Fig. 

4.2. Preliminarily it has to be stressed that the parameters of the constitutive materials, 

ferrite and pearlite, are difficult to measure on standard specimens and are subject to a 

degree of variability. Therefore the following procedure for model assessment was 

devised. A unit cell model with a low ferrite content (i.e. y F = 19.5% and y G = 9.1% 

following the E7 meltage of Tab. 3.2), was developed to impose a close resemblance 

between model and material basic microstructure. Then the computed stress-strain 

response (i.e. S2- E 2) was fitted to the experimental tensile test curve. 

 

 

Fig. 4.2 – Comparison of experimental stress-strain curves of nodular cast iron (see 

Table 4.1 for details of microstructure) and companion stress-strain curves obtained 

with the axisymmetric unit cell model 

E4 

E8 
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The results of this initial tuning are identified by the melt E7 in Fig. 4.2. Other 

experimental stress-strain curves for different ferrite/pearlite ratio of the matrix are also 

shown in Fig. 4.2 as continuous lines. Unit cell model predictions for the same ferrite 

and graphite volume fractions are also presented in the same plot and identified by 

small open symbols. The comparison of predicted vs. experimental stress-strain curves 

shows that there is an increasing overestimate of the actual material behavior with an 

increase in ferrite volume fraction. 

The deviation observed here is explained considering that a high ferrite content 

in the matrix may activate other deformation and damage mechanisms, such as plastic 

shear among neighboring nodules, in addition to cavitation around graphite nodules. 

Observations of polished and deformed specimens of nodular cast iron, [5], showed that 

in the case of a high content of ferrite such as in Figs. 4.1a and 4.1b, ferrite islands 

contain many neighboring graphite nodules. In this case, nodule interaction favors the 

development of plastic shear bands. This plastic deformation is related to a condition of 

reduced constraint when compared to the nodule cavitation implicit in the present 

model. 

Another source of deviation between prediction and experiments could be the 

assumption of uniform nodule size and spacing of the present study. Tvergaard, [6], 

using a dual-void axisymmetric cell model with cavities of different size demonstrated a 

decrease in the hardening response. Kuna and Sun [7] showed that the hexagonal 

particles arrangement reproduced by an axisymmetric unit cell gives a lower bound 

solution. The same result is obtained with the cell model of a staggered array of voids, 

see section 2.2.4 of Chapter 2. When the simulated tensile curve of a squared array is 

plotted together with the tensile curve obtained from a staggered disposition of cavities, 

compare Fig. 2.31, the response clearly appears less stiff. This confirms that the 

staggered disposition of voids facilitates the deformation of the structure; it’s possible to 

conclude that when the matrix of nodular cast iron is in prevalence ferritic, i.e. showing 

high ductility and plastic deformation amount under load, the staggered axisymmetric 

cell better predicts and describe the material behavior, while a squared uniform-spaced 

scheme of the voids overestimates the cast iron response. 

In the following Fig. 4.3 the same experimental results of Fig. 4.2 are compared 

with the tensile curves obtained with the window models cut form real the real 
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microstructures, in which the periodic boundary conditions are applied, compare section 

2.3.3 in Chapter 2. 

This time all the models S2-E2 responses are much less stiff than the real 

material behavior. This fact can be explained if the bi-dimensional nature of the FE 

model is considered. As mentioned, it is expected to response with less stiffness because 

the deformation is in the plane less constricted by the bulk material. Furthermore a 

microstructural analysis on each small window reveals ferrite volume fractions not 

equivalent to the real ones; in particular the percentage of ferrite in the matrix are 100% 

vs. 93.5 in model 1, 68% vs. of 55.3% in model 2, 19.6% vs. of 15.3 in model 3. 
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Fig. 4.3 – Experimental and simulated tensile curves of microstructures of Fig. 4.1 

 

It’s worth to notice that the micromechanical models proposed, together show a 

wide range of tensile behavior, and while the axisymmetric cells have the tendency to 

overestimate the material response, the window models based on resolved 

microstructure show less stiffness than the real tensile curves. In conclusion this 

indicates that a sort of upper and lower bounds is depicted by the use of these micro-

models, staying the experimental behavior in the middle. 
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A final note may be given about the material constitutive law used in the 

models; while the assumption of replacing the graphite nodules with voids either in 

axisymmetric than in window modeling approach seems to be realistic and supported by 

other studies, i.e. [8, 9], the parameters of the Ramberg-Osgood type models adopted to 

describe the phases present in nodular cast iron, are taken from the literature, and 

subjected to some uncertainty  

 

4.3.1 Elastic properties 

 
In section 2.2.3.2 the analysis of graphite content’s effect on the tensile behavior 

of ductile iron has been presented. The calculation was conducted by the axisymmetric 

single-void unit cell approach. The graphite is considered as a void, because it has a low 

Young’s modulus (from 5 to 15 GPa) with respect to the ferrous matrix, and the 

interface bond between the nodule and its encapsulating cavity is relatively weak. This 

is confirmed by many experimental observations too, that evidence how particle-matrix 

de-cohesion occurs starting from low external strain level, see for example [8, 10-11]. 

From the assumption of considering graphite as a void, i.e. the whole material as 

a porous media, the elastic properties of ductile iron result to decrease if the graphite 

volume fraction increases. The dependence of the elastic modulus as a function of the 

graphite volume fraction obtained with the presented micromechanical models is given 

in Fig 4.3. All the models correctly predict a decrease in elastic modulus with increasing 

graphite volume fraction. The trend of the elastic modulus is linear in accordance with 

the results of the application of the rule-of-mixture, which simply calculates the 

effective elastic modulus Eeff of a composite material as 

 

Eeff = (1-y v)Em + y vEr  (4.1) 

 

where Em is the matrix modulus and Er (reinforcement modulus) is zero in porous 

media. This simple relation does not take into account any interaction between voids; 

therefore it defines the upper bound of any predicting method. The second stiff 

prediction is found when Hashin-Shtrickman estimate is applied, following eq. (1.24); 

here the overall constraint tensor L 0 is calculated with the matrix as comparison 
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material of elastic modulus E0. Mori-Tanaka estimate is conducted applying eq. (1.23), 

which is relative to a porous material. It defines a lower bound. 

The axisymmetric unit cell predicts a slightly lower elastic modulus than the 

Hashin-Shtrickman estimate while stays over the Mori-Tanaka estimate. Window 

models give a variety of results, in particular the stiffness of the window model 

subjected to uniform traction is quite different when two loading directions are 

considered, see the square symbols. Instead two window models with different graphite 

volume fractions, show nearly the same Young’s modulus; this means that local plastic 

effects occurring from low strain amount and due to stress concentration around voids 

boundary, are correctly predicted. 

Experimentally determined Young’s modulus show a quite large scatter, and 

points fall over all the theoretic estimates. The data scatter is partly due to the method to 

measure it (via extensometer), and partly to the effect of graphite nodularity, which is 

not included in Fig. 4.3 where the graphite volume fraction is considered only.  
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Fig. 4.3 – Elastic modulus prediction by FE micromechanical models and analytical 

methods, and experimental data of the nodular cast irons in Tab. 3.2 
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It’s well known in fact that the elastic properties in cast iron quickly decrease if 

the shape of graphite particles goes from spheroidal to flake, independently from the 

graphite volume fraction. Moreover the heterogeneous microstructure of nodular cast 

iron may play a negative effect on local stress and strain distributions that in some way 

disturbs the experimental measurement. 

In conclusion it is not possible to determine the modeling or analytical approach 

that among the others better predicts the effective elastic properties in nodular cast iron. 

Axisymmetric unit cell model better reproduce the expected trend, while window 

models based on resolved microstructure have not a distinct trend, because their 

response is dependent from the specific arrangement of phases. 

 

4.3.2 Plastic regime 

 

The characterizing feature of the micromechanical modeling approaches 

presented in Chapter 2 is the prediction of the behavior of nodular cast iron as a 

function of the ferrite-to-pearlite ratio in the matrix. The ferrite and pearlite constituents 

have quite different mechanical behaviors, therefore unit cell and window models 

should capture the progressive change observed when going from a fully ferritic to a 

fully pearlitic matrix. The prediction of the yield stress and of ultimate stress, as a 

function of the effective ferrite content in the matrix, is presented in Fig. 4.4 in direct 

comparison with experimental data. Yield stresses were calculated using the value of the 

0.2% offset yield stress. This is obtained from the stress-strain curve by locating the point 

on the strain axis corresponding to 0.002 strain and constructing a line through this point 

that is parallel to the initial linear portion of the graph. The intersection of this line with 

the stress-strain curve is taken as the yield stress. The 0.2% offset yield stress is a 

somewhat arbitrary designation of yield, but can be implemented consistently. Ultimate 

strength has been estimated when the plastic regime of the tensile curve was stabilized, 

therefore not with a true failure criteria; therefore, even if the tensile curves go nearly 

flat after some percent of strain, the ultimate stress is subjected to some degree of 

approximation. 

Fig. 4.4 summarizes the results of all micromechanical models; with solid and 

dashed lines are reported the yield and the ultimate stress respectively as predicted by 

the axisymmetric unit cell model of squared array. The trends are in complete 



Chapter 4 Direct Correlation of Modeling with Experimental Results 110 

 

accordance with experimental data of the twelve cast irons taken from Tab. 3.2, 

showing a decrease in the material performance when the ferrite content increases. A 

very good agreement is found especially in the ultimate stress trend. 

Black circles in Fig. 4.4 indicate the predicted yield stress by window models 

subjected to periodic boundary conditions. These points confirm the less stiff material 

behavior simulated by this configuration, as mentioned above. 
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Fig. 4.4 - Influence of the ferrite volume fraction on the yield and ultimate strength of 

nodular cast iron, as predicted by the axisymmetric unit cell 

 

The same results are found by the large-size window models exposed in section 

2.3.1, compare the crosshair symbols in Fig. 4.4. The nodular cast iron yield stress 

predicted by this model loaded along two perpendicular directions are nearly the same, 

and lays between the experimental points. A final note may be given about the yield 
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stress predicted by the axisymmetric cell model taken from a staggered array of voids, 

with full ferritic matrix. The low value is in line with the minor stiffness of this model if 

compared with the equivalent hexagonal array model, and equals in practice the yield 

stress of the window periodic model with full ferritic microstructure. It’s possible to 

conclude that the influence of the ferrite/pearlite ratio in the matrix of nodular cast iron 

on the yield and ultimate strength is reasonably predicted by the axisymmetric unit cell 

model of a hexagonal array of voids, while micromechanical window models 

underestimate the mechanical properties of a heterogeneous structure. 

 

 

4.4 Interpretation of matrix damage initiation 

 

In the analysis of materials with random heterogeneous microstructure the 

assumption is often made that material behavior can be represented by homogenized or 

effective properties. In Chapter 2 a series of analytical and computational methods 

developed in the last 30 years have been introduced. Studied with the aim to predict the 

effective response of a composite material starting from the behavior of its single 

constituents, they represent the classical domain of the micromechanics. 

While the assumption of considering a homogeneous material from a 

heterogeneous microstructure yields accurate results for the bulk behavior of composite 

materials, it ignores the effects of the random microstructure. The spatial variations in 

these microstructures can focus, initiate and propagate localized plastic behavior (when 

at least one phase has an elasto-plastic constituent law), subsequent damage and failure. 

In Chapter 2, section 2.3, a computational method, the window micromechanics model, 

was introduced to capture microstructural detail and characterize the variability of the 

local and global elastic response. Digital images of material microstructure described the 

microstructure and a local micromechanical analysis was used to generate spatially 

varying material property fields. The results of using micromechanics within a 

windowing context was assumed to develop a more sophisticated set of properties than 

straight averaging or a rule-of-mixtures approach could do. Different techniques were 

adopted to define boundary conditions to apply to the window micro-fields, and a 

comparison has been made. However common strengths of this approach are that the 

material property fields can be consistently developed from digital images of real 
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microstructures, they are easy to import into finite element models using a quick 

technique, and their statistical characterizations can provide the basis for simulations 

further characterizing a probabilistic response. A basic attempt of statistical analysis 

was made when the response of the microstructure window loaded along two 

perpendicular directions was determined, compare Fig. 2.34. The same window 

micromechanical model was found to show different plastic yielding paths creating 

during the loading process between the nodules. Although these differences, the 

uniaxial tensile homogenized behavior doesn’t show in plastic yielding and hardening 

slope a big scatter, see the plots in Fig. 2.38. 

In this section a direct comparison of the modeling results is conducted with 

respect to experimental observations of the damage initiation micro-mechanism in 

nodular cast iron with ferritic/pearlitic mixed microstructure. An attempt is made in 

understanding the observed phenomena of yield flow in the heterogeneous matrix, 

under the light of the simulated FE stress-strain microfields. 

 

 

 
Fig. 4.5 – Plastic yield and damage initiation at the microscale in ferritic/pearlitic 

nodular cast iron 

 

In Fig. 4.5 the microstructure of a mixed pearlitic/ferritic nodular cast iron 

subjected to deformation is shown. The strain imposed far-away from the 

micrographs of Fig. 4.5 is equal to 5%, the loading direction is horizontal. The signs 
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of a large plastic flow appear localized in ferritic areas around nodules. This 

localization of plastic strain brings to plastic bands formation at void corners, 

perpendicularly with respect to the loading axis, over the grain boundaries. Slip 

bands run from the nodule cavities toward the pearlitic islands, where they seem to 

definitely stop. Favorite nodules arrangements or narrow ferrite ligaments in the 

microstructure can evidence more marked plastic bands. 

Micrographs in Fig. 4.5 show a microstructure-dependent localization of the 

strain. It concentrates into the softest phase around cavities in correspondence of grain 

boundaries. The role of the second constituent – pearlite – is, at the present strain level, 

the load transfer between ferritic islands. A higher complexity into the micro-

mechanism may be supposed, if the deformation process is considered to happen into 

the three-dimensional bulk of material. 

Local plastic strain and local stress fields are computationally calculated with 

the micromechanical window models based on real microstructures introduced in 

section 2.3.3. The window models with periodic boundary conditions are here 

considered, because it has been noted that the assumptions of periodic boundaries on the 

window sides fully satisfy the hypothesis of representative volume element of the whole 

material. This technique actually represents a rigorous micromechanical analysis. 

The FE window method qualitatively captures the inelastic behavior, based on a 

non-linear flow rule, of the ductile iron microstructures. Computed elasto-plastic strain 

distribution confirms that damage initiation and localization in nodular iron strongly 

depend on microstructure-activated mechanisms, see Fig. 4.6. In Fig. 4.6 the shear 

stress contours into the matrix are illustrated, from model 1 with 100% ferrite to model 

3 which reproduces a 19% ferritic matrix ductile iron. At the left side of the stress 

contour the undeformed scheme of each model is shown, to underline as reference and 

by white-gray coloration the phase constitution of the three microstructures. White areas 

cover ferrite, gray areas pearlite, the graphite nodules are considered as voids. 

To have a larger view of the whole microstructure, in Fig. 4.6 the stress contour of 

FE models is replicated four times and glued together. This is possible because of the 

micro-fields periodicity.  The analysis of shear stresses illustrate local effects appearing 

in the matrix and connecting voids disposed at 45° with respect to the loading direction. 

The pattern of shear stress concentration shows that local “weak bands” of the material 

arise when the microstructure is loaded. 
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Fig. 4.6 – Shear stress contours in three micromechanical window models of 

heterogeneous nodular cast iron 

Model 3: 19% FERRITE  

Model 2: 68% FERRITE  

Model 3: 100% FERRITE  
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In other words, areas of matrix that fall between clusters or chains of voids feel 

the greatest effects of the loading. This is perhaps most visible in the contour of Fig. 4.6 

top, where a fully ferritic nodular cast iron is reproduced. In middle and bottom pictures, 

the shear concentration bands are limited to shortest patterns only in the ferritic areas 

around nodules. From the point of view of the strength of ductile iron, it is shown that 

pearlite plays the important role of interrupting plastic flow localizations occurring in 

the softest constituent and concentrating into typical 45° degrees bands. This aspect 

results in agreement with experimental observation of strained microstructures. 

The micromechanical modeling approach of periodic windows shows some not 

discussed advantages in the deep comprehension of microstructure-depending 

phenomena of heterogeneous materials as the nodular cast iron. Plastic flow in the 

matrix and strain localization, or failure preferred initiation sites are well illustrated in 

such a model, and are in accordance with the experimental evidence. 
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Chapter 5 

 

Conclusions 

 

 
The micromechanical modeling approach has been applied to the simulation and 

prediction of the mechanical behavior of ferritic/pearlitic nodular cast iron. The nodular 

cast iron can be recognized as belonging to the microstructured materials class, because 

of its typical heterogeneous nature. At the microscope, nodular cast iron reveals two 

matrix constituents - ferrite and pearlite - of deeply different mechanical behavior, and 

graphite in the shape of spheroids. The role of microstructural parameters on the 

constitutive law of nodular cast iron can be determined by the quantitative 

metallographic analysis in parallel with standard mechanical characterization. Ferrite-

to-pearlite ratio in the matrix mainly affects the plastic properties of ductile iron, while 

graphite quality and volume fraction determine the elastic properties. Microstructural 

parameters of “second order”, as the nodules spacing, can be taken into account too. 

The modeling activity here presented can be divided into two classes: the 

axisymmetric unit cell approach and the microstructure based window models. In the 
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class, a unit cell is ideally extracted from the bi-dimensional microstructure of nodular 

cast iron and the same averaged properties of real material are then given. The model 

has to be thought as three-dimensional because of its axial symmetry. This type of 

modeling well predicts the variation of stress-strain curve and of elastic modulus of 

nodular cast iron as a function of the matrix constitution and of the graphite volume 

fraction, which is considered as a void in the matrix. A comparison with equivalent 

three-dimensional solid cells and the extension to a dual-void axisymmetric cell does 

not reveal appreciable differences, while a considerable loss in stiffness is noted when a 

staggered array of nodules is considered. Micromechanical modeling of a dual-phase 

material by axisymmetric cells shows above all the advantage of simplicity and rapid 

FE calculation. When compared to real mechanical behavior of nodular cast iron in 

terms of stress-strain curve, the axisymmetric cell approach shows an overestimation of 

the material stiffness, i.e. in yield stress and plastic hardening slope. This is explained 

considering the unrealistic strain constriction that such a configuration imposes around 

the cavity. 

The microstructure-based modeling approach gives a kind of dual information 

on the mechanical behavior of heterogeneous materials if compared to the axisymmetric 

one. Microstructure-based models have been implemented by automatic meshing of 

digital local micrographs of the nodular cast iron. Various boundary conditions are in 

this case applicable to the obtained FE window test. The most rigorous conditions 

impose the spatial periodicity at the bounds, therefore, if the window is not too small, a 

very good representation of the real microstructure can be achieved. 

Plastic shear bands formation at 45° and local phenomena can be visualized and 

analyzed with such a type of modeling. The microstructure non-uniformity and the 

shape and disposition of voids are shown to play an important role on the strain 

localization in the matrix. This well correlates with experimental observation of the 

micro-mechanism of deformation and damage in nodular cast iron. By the 

homogenizating technique a family of stress-strain curves can be obtained from the 

window model. Probably because of the bi-dimensional nature which leaves more 

freedom to deformation, window models show a higher compliance with respect to 

experimental tensile test on the same microstructure. Also in this aspect the window 

modeling approach results of dual nature with respect to the axisymmetric cell method. 
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Appendix A 

 

Basic Metallurgy of Cast Irons 

 

 
A.1 The iron-carbon diagram  

 

The term cast iron identifies a large family of multi-component ferrous alloys, 

which solidify with a eutectic. They in general contain major (iron, C, Si), minor (< 

0.1%) and often alloying (> 0.1%) elements, added for specific properties as strength, 

corrosion and wear resistance, high temperature applications, [1]. 

Cast iron can solidify according to the thermodynamically metastable Fe-Fe3C 

system or to the stable iron-graphite system, Fig. A.1. In the first case the rich carbon 

phase in the eutectic is the iron carbide; when the stable solidification path is followed 

the rich carbon phase results graphite. Referring to the binary Fe-Fe3C system, cast iron 

can be defined as iron-carbon alloys with more tan 2% C. The formation of stable or 

metastable eutectic is a function of the graphitization potential of the iron, essentially 

defined by the nucleation potential of the liquid and the chemical composition of the 

melt. A high graphitization potential brings to irons that solidify following the stable 

system and have graphite as the rich carbon phase; a low graphitization potential will 

results in irons with iron carbide. 
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Fig. A.1 – Iron-carbon diagram: metastable Fe-Fe3C (solid curves) and stable iron-

carbon systems (dashed curves), [1] 

 

In the binary iron-carbon system four equilibrium solid phases can be, [2]: 

- Ferrite (� -Fe), has a  body-center cubic crystal structure, is stable up to 912°C in 

Fe-C system and is a soft and very ductile phase 
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- Austenite (	 -Fe), which has a face-center cubic crystal structure, is stable from 

740°C to 1493°C and is a strong, hard and tough phase 

 

- Delta Iron (
 -Fe), with a body-center cubic crystal structure, stable from 1394 

°C to 1538°C 

 

- Graphite (C), shows a layered hexagonal structure with covalent bonding of 

atoms in each layer, is soft and low strength. 

 

 

The formation of graphite in the equilibrium iron-carbon system is dependent 

upon the diffusion of carbon through the iron matrix to form the graphite precipitates. If 

the cooling rate is fast, then the carbon is not able to segregate, and iron carbide (Fe3C) 

forms in place of graphite. This origins the meta-stable system, commonly called the 

iron-iron carbide system. Thus in Fe-Fe3C system we have also the 

- Iron Carbide Phase (Fe3C, commonly called “cementite”), which has a 

orthorhombic crystal structure, breaks down to iron and graphite with sufficient 

time and temperature, and for practical purposes is considered stable below 

450°C. Cementite is a very hard and brittle phase. 
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The possible eutectoid transformations in the iron-carbon binary phase systems 

are restricted to the ferrite-graphite eutectoid transformation, which is extremely 

uncommon due to the very slow cooling required, and to the ferrite-iron carbide 

transformation, that is the predominant eutectoid transformation. The ferrite-iron 

carbide eutectic microstructure is commonly called “pearlite”, characterized by a 

lamellar microstructure. 

The two basic types of eutectics, the stable austenite-graphite and the metastable 

austenite-Fe3C, have then wide differences in their mechanical properties (hardness, 

strength, toughness, ductility); the manipulation of the type, amount and morphology of 

the eutectic is the basic purpose of the metallurgist, who designs a process that will 

produce a specific structure to achieve the desired mechanical properties. 

The metallurgy of cast iron has many similarities to that of steel, but steels, 

being generally low the amount of alloying elements, can be considered as binary iron-

carbon alloys with structure following the iron-carbon diagram of Fig. A.1, while in 

common cast irons the appreciable amounts of silicon in addition makes them ternary 

Fe-C-Si alloys. Thus a Fe-Fe3C-Si ternary phase diagram and/or sections of this 

diagram, Fig. A.2, are needed to properly predict the phases and microstructures that 

form. Silicon is added to cast irons in the range of 1% to 4% in order to increase the 

amount of under-cooling required for the formation of cementite and promote the 

formation of graphite during solidification. The range of silicon added is sufficient that 

the iron-carbon binary phase diagram is insufficient to predict the phases and 

microstructures that form. 
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Fig. A.2 – Section through the Fe-Fe3C-Si ternary equilibrium diagram at 2% Si, [1]. 

 

Eutectic and eutectoid temperatures change from single values in binary system 

to temperature ranges in the Fe-Fe3C-Si ternary system, and eutectic and eutectoid 

points shift to lower carbon content. Moreover Silicon strongly reduces the potential for 

eutectic carbides during solidification and promotes the formation of primary graphite. 
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Its addition promotes the precipitation of secondary graphite on the primary graphite 

during the eutectoid transformation, which results in large areas of ferrite (commonly 

called “free ferrite”) around the graphite particles, as shown in Fig. A.3. In summary the 

addition of silicon to a binary iron-carbon alloy decreases the stability of Fe3C, which is 

already metastable, and increases the stability of ferrite (in other words the a-Fe field is 

enlarged and the g-Fe is constricted). 

 

 

Fig. A.3 – Si addition promotes free ferrite (in white) in nodular cast iron (etched Nital 

3%, 100x) 

 

To take into account the silicon addition to cast iron, it is convenient to combine 

its effect with that of the carbon into a single factor, the carbon equivalent (CE): 

 

CE = %C + �  %Si  (A.1) 

 

which describes how close a given analysis is to that of the eutectic composition. The 

alloy is eutectic for CE = 4.3%, hypoeutectic for CE < 4.3%, and hypereutectic when 

CE > 4.3%. Irons of the same CE value can be obtained with different carbon-silicon 

combinations. When appreciable values of phosphorus are present in the iron the P 

content is included: 

 

CE = %C + �  (%Si + %P)  (A.2). 
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A.2 Classification of cast irons 

 

 Historically the first classification of cast iron was based on the aspect of its 

fracture surfaces: white iron exhibits a blank crystalline fracture surface because 

fracture occurs along the iron carbide plates; gray iron exhibits a gray fracture surface 

because fracture occurs along the graphite plates (flakes). Nowadays the metallographic 

analysis has brought to other classifications based on microstructural features as the 

graphite shape (lamellar, nodular, vermicular, temper graphite) and the matrix structure 

(ferritic, pearlitic, austenitic, martensitic, bainitic). If the microstructure, controlled by 

alloying, solidification rates and heat treatment, is classified on the basis of the eutectic 

graphite/carbide forms present in the iron, one can distinguish into: 

 

- White Irons form eutectic cementite during solidification. Their microstructure 

is due to fast solidification rates and alloying that promotes eutectic carbide 

formation. White irons typically have low ductility, high hardness and great 

wear resistance. 

 

- Malleable Irons, formed by annealing white irons to transform the eutectic 

cementite to graphite. They have good ductility and good strength, and the 

matrix microstructure is dependent upon the cooling rate from the graphitization 

annealing. Before the discovery of nodular irons, malleable irons were the only 

ductile class of cast irons. 
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- Gray Irons form graphite flakes during solidification. Their microstructure is 

due to slow solidification rates and silicon alloying that promotes graphite 

formation. Gray irons typically have low ductility and moderate strength, but 

they have high thermal conductivity and excellent vibration damping properties. 

 
- Compacted Graphite Irons form graphite particles with a shape between 

graphite flakes of gray cast iron and graphite nodules of nodular cast iron; 

properties are between those of gray and nodular cast irons also. Compacted 

graphite irons require very tight control of the nodularizing alloying (Mg or Ce). 

 

- Ductile (Nodular) Irons, first discovered in the 1940’s, form graphite spheres 

during solidification due to slow solidification rates and Mg or Ce alloying that 

promotes spherical graphite formation. Nodular irons typically have high 

ductility and strength. 

 

The field of existence of cast irons is shown in Fig. A.4 as a function of C and Si 

content. The upper dashed line indicates the eutectic composition for Fe-C-Si alloys 
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Fig. A.4 – Carbon and silicon define steel rather than cast iron, [3] 
 

The table in Fig. A.5 summarizes the casting and mechanical properties and the 

cost of manufacture of the illustrated cast irons, from worst to best. Note that ductile 

cast iron shows good performances in each item of the table. 
 

 

Fig. A.5 – Properties of cast irons family, [3]. 
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Appendix B 

 

Principles and Methodology of 

Metallographic Analysis 

 

 
B.1 Metallographic analysis and sample preparation 

 

B.1.1 Reflected light microscopy 

 

The structure of metals and alloys can be viewed at a wide range of levels, 

macrostructure, microstructure, and ultra-microstructure, [4, 5]. Reflected light 

microscopy is the most commonly used metallographic tool for the study of the 

microstructure of metals. It has long been recognized that the microstructure of metals 

and alloys has a profound influence on many of the physical and mechanical properties. 

Mechanical properties (strength, toughness, ductility, wears resistance, etc.) are 

influenced much more than physical properties (many are insensitive to microstructure). 

In the study of microstructure, the metallographer determines what phases or 

constituents are present, their relative amounts, and their size, spacing, and 

arrangement. Specimens are generally viewed in the polished condition first using 
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brightfield illumination to observe those constituents that have a natural color 

reflectivity difference from the bulk of the metal. This procedure is commonly used to 

examine intermetallic compounds, graphite or non-metallic inclusions and other small 

particles that might be present, e.g. nitrides and carbonitrides. Some other small 

precipitates that have essentially the same reflectivity as the metal may also be observed 

if they have a much different hardness and polishing rate than the surrounding metal. 

They will either stand above or below the matrix phase and can be easily observed 

particularly if differential interference contrast illumination (DIC) is employed. 

However, brightfield illumination is by far the most commonly used examination mode 

in metallography. 

 

B.1.2 Preparation of metallographic samples 

 

To obtain a metallographic samples as that in Fig. B.1 a preparation method 

consisting in a series of systematic steps has to be followed. The material in fact is 

gradually removed from the sample surface by means of successively finer abrasives. 

The method of preparation must have a scientific value, and so it’s essential it can allow 

the perfect reproducibility of results for the same material, every time the operations are 

carried out. A selection of method and equipment must be done in depending on 

material mechanical properties, such as its hardness and ductility. 

Theoretically we are interested in examining a specimen surface which shows a 

precise image of the structure under analysis, so it’s important to achieve small 

deformation, scratches or pull-outs on the surface, to avoid to introduce foreign 

elements or cause thermal damage. 

 

 
 

Fig B.1 – A sample of gray cast iron ready for microscopy analysis 
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The preparation process is divided into several stages, which must be executed 

to ensure satisfactory results. The cutting of metal to examine is often necessary 

depending on the size or shape of the piece of material. The sample taken must 

represent the features of the parent piece from which it is cut. To introduce the 

minimum amount of deformation in the cut surface, the most appropriate sectioning 

method is abrasive wet cutting; this technique employs a cut-off wheel consisting of an 

abrasive and a binder, while cool liquid flushes the wheel to avoid thermal damaging 

and to remove debris from the cutting area. 

To keep the handling and to improve the preparation results, the sample can be 

embedded in resin: this is the mounting process. Two different techniques are available 

for mounting the samples: hot compression mounting and cold mounting. In the first 

technique the sample is placed in the mounting press with the resin, and processed 

under heat and high pressure. To limit resin shrinkage maintaining good adhesion 

between resin and metal it is advisable to cool the mounts under pressure. Following the 

cold mounting, the sample is simply placed in a mould and two or three components are 

carefully measured and putted in it. Three types of cold mounting resins are available: 

epoxy (low shrinkage, long curing time but excellent adhesion to sample), acrylic (easy-

to-use and chemically resistant) or polyester (needs catalyzation, like acrylic, short 

curing time). In general hot mounting is ideal for large number of samples coming to 

the lab successively, the resulting mounts will be of high quality with uniform size and 

shape; cold mounting is suitable for a large series of samples coming simultaneously. 

In the mechanical preparation of the sample, abrasive particles are used in 

successively finer steps to remove material from the surface, until the required result is 

reached; preparation can actually be stopped when the surface is acceptable for a 

specific examination, without obtaining the ideal true structure. Furthermore 

mechanical preparation is divided into two subsequent operations: grinding and 

polishing, which differ in the used abrasive grain papers. Grinding levels the sample 

surface and removes bigger defects, introducing only a few amount of new deformation; 

grinding uses abrasive papers with increasing granulometry (for example 200 �  400 �  

800). By subsequent polishing the damage introduced by previous steps is removed. 

This is achieved with steps of successively finer abrasive particles (usually diamond 

particles from 6 to 1 mm of diameter), sprayed on the disk of the polishing machine. The 

resulting sample surface must have a mirror finishing rate. 
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B.2 Color metallography 
 

With the term color metallography any use of the color of the structural 

components in the metallographic analysis, expressed and documented in the form of 

color microphotography, is usually indicated, [6, 7]. The limitations against color 

metallography use are mainly the following: 

 
1. The color of phases is not representative 

2. The methodology makes more difficult the description of structure based on the 

experience based on black-white pictures 

3. Only decorative effect are in questions 

4. It’s technically and economically demanding 

 

The aim of color metallography and of its methodologies is using the color 

contrast of phases in metallic or non metallic materials as a source of new information 

about the structure in comparison with classical procedures. It’s so possible re-

formulate the previous drawbacks into the following advantages: 

 

1. New knowledge of the structure is possible 

2. It extends the structure description in comparison with black-white picture 

3. Color picture are also decorative 

4. Technical and economic demands are proportional to the contribution of the 

method to recognize the structure of tested materials. 

 

 Color contrast between individual micro localities is obtained i) because of the 

chromatographic characteristics of some phases, ii) as consequence of different 

properties of particles in polarized light, iii) for the interference of in phases moved 

waves, in consequence of reflection from an uneven surface, different reflectivity of 

phases, or multiple reflection in transparent surface layer varying thickness of 

transparent surface film. A scheme of the possible processes to obtain color contrast is 

here given in Fig. B.2. In the next section each technique is briefly introduced and 

advantages discussed 
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Fig. B.2 – Alternatives of origin of color contrast in metallography, [7] 
 

 

B.3 Optical methods of activating contrast 
 

B.3.1 Polarized light contrast 

 

Light microscopy observation in polarized light makes it possible to resolve 

phases with different optical properties and, therefore, it is suitable for identification of 

difficult to be etched phases with other as cubic lattice, which are optically anisotropic. 

Certain metals and alloys that have non-cubic crystalline atomic structures respond well 

when viewed with cross-polarized light (i.e., the polarization direction of the polarizer 

and analyzer are 90 degrees apart to produce extinction). If a metal or alloy with a cubic 

crystalline structure (such as steel) is viewed with cross-polarized light, the field of 

view is uniformly dark, and no microstructural detail can be observed. However, if a 

polished specimen of beryllium, cadmium, magnesium, alpha-titanium, uranium, zinc or 

zirconium is viewed with crossed-polarized light, the microstructure is revealed vividly. 
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Metallurgical microscopes usually adopt synthetic sheet filters for both the 

polarizer and analyzer. The polarizer is generally placed in the light path before the 

vertical illuminator, while the analyzer is inserted before the eyepieces. Prism polarizers 

are less commonly used and more expensive but generally produce superior results. 

Some of the metals that respond to polarized light can also be etched to reveal the 

microstructure. However, the microstructure often is revealed better with crossed-

polarized light examination of an as-polished, non-etched specimen. Crossed-polarized 

light has limited usage in metallography because many metals and alloys have cubic 

crystal structures. However, some second phases may be non-cubic and will respond 

nicely to polarized light. Nodular graphite in ductile cast iron is commonly studied 

using crossed-polarized light because the growth pattern of the graphite is revealed 

dramatically, compare Fig. B.3. In such observation, the polarizer and analyzer filters 

are placed in the crossed position (i.e. 90° to each other which produces the darkest 

matrix appearance), and a sensitive tint plate (lambda plate) is inserted to further 

enhance coloration. The lambda plate may be adjustable on some microscopes that 

change the colour pattern. In polarized light contrast are clearly visible the graphite 

granulates with different crystallization planes. 

 

 

Fig. B.3 – Nodular cast iron in crossed polarized light, not etched, mag. 800 x. 

 

B.3.2 Differential Interference Contrast (DIC) 

 

Although incident brightfield illumination is by far the most common 

illumination mode used by metallographers, increased use is being made of differential 

interference contrast (DIC) illumination. The method of phase contrast is based on the 
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fact that the waves reflected by the unevenness of surface are differentiated in 

amplitudes, resp. intensity. Therefore DIC is suitable for study of surface display of 

deformation processes. For qualitative and quantitative evaluation of the surface 

relieves there are more useful interference microscopic methods based on separation of 

a light ray into two or more rays that after running of different optical paths interconnect 

again and mutually interfere. Color contrast arises also at the interference. The 

Nomarski system belongs into this group of optical methods of contrast enhancement by 

optical way, and it is most commonly used for DIC. It brings out differences in height 

that might not be observed with brightfield. This method yields uneven illumination 

across the field and degrades resolution, but it can reveal features not visible in 

brightfield, not by increasing resolution but by improving image contrast. 

 

 

 

Fig. B.4 – Light microscope (top micrograph) and Nomarski method (bottom 

micrograph, 500x) applied to AA6061/Al2O3/20p MMC 

 

Fig. B.4 demonstrates the use of Nomarski DIC in the examination of a metal 

matrix composite (MMC), with 6061 aluminum alloy matrix and 20% of alumina 

dispersed particles as reinforcement. Microstructure is in both cases polished but not 

etched. Brightfield illumination (Fig. B.4 top photo) reveals the alumina particles into 
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the matrix, showing the extrusion direction; DIC applied to the study of a crack profile 

of the same material reveals similar information (Fig. B.4 bottom photo) but with bolder 

clarity. 

 

B.3.3 Darkfield illumination 

 

Metallographers infrequently use darkfield (also called dark ground) 

illumination. Only a few phases are best examined with darkfield. In copper alloys, such 

as tough pitch copper, the copper oxide phase lights up vividly when viewed with 

darkfield, but the copper sulphide phase does not. With brightfield illumination, both 

phases look rather alike. Darkfield, as with DIC, may reveal features not visible with 

brightfield illumination. Darkfield and DIC both generate improved image contrast for 

many microstructures. The self-luminous effect produced by darkfield offers increased 

resolution and visibility with respect to brightfield. 

Darkfield illumination collects the light that is scattered by roughness, cracks, 

pits, etch steps, or “ditches”, etc. Hence, it’s quite useful in the study of grain structures. 

 

B.3.4 Evaporated interference layers 

 

Evaporation of interference layers on the surface of the metallographic 

specimens can upraise the differences in light reflectivity and therefore is suitable for 

detailed study of inclusions. 

If the observed sample is covered by a transparent film, see the scheme of Fig. 

B.5, the interference of light arises in consequence of separation of reflected light into 

components reflected on the interference air-layer and metal-layer. The interference 

effect depends on the wavelength l  of the light source, on the thickness t of film and on 

its index of light reflection. There is interference if the wavelengths of light reflected by 

the two surfaces differ of an odd multiple of l /2. If we consider that the thickness of 

film is approximately the half of path difference of rays (at vertical lightening), then the 

interference starts at t » (2k + 1)•l /4n, where k is a natural number and n is the index of 

refraction in the coating, i.e. at about t equal to odd multiple of l /4. After illumination 

by white light by fulfillment of this condition the complementary color (blue-yellow, 

green-redbrown) appears for some light component in consequence of interference. 
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Fig. B.5 – Scheme of interference of rays reflected from sample with coating. 
 

The mentioned principle of dependence of color on the thickness of film is more 

the principle of color etching; by steaming of interference layers it is more used the 

effect of differentiated of light in the individual phases. Differentiated phases in metal 

structure have different spectrum of reflected light, with a characteristic minimum of 

wavelength; as the minimum in the reflectivity is different, the phases have in the 

reflected light different color that is the substance of differentiation of these phases in 

the metallographic analysis. 

 

B.3.5 Color etching 

 

Color etching of metallographic specimens makes possible to enhance 

differences in chemical composition of micro areas. Color etching is therefore used with 

success in the study of segregation phenomena, heat affected zones, diffusion layers and 

in resolving of phases with different chemical composition. 

By the reaction between metal and color etching agent, a transparent coating 

develops on the surface of metallographic cut. The thickness of this coating depends 

also on the chemical composition of material of the cut. As far as the chemical 

composition of individual microlocalities considerably changes, the thickness of the 

originated coating will also change and in consequence of it also the color of individual 

microlocalities in the light of microscopy. The principle of color etching is shown 

schematically in Fig. B.6 with an example of a dendrite segregation. The scheme in 

shows that the thickness of the interference layer depends on the chemical composition 

of the specimen. As the chemical composition of individual micro-areas is changed, the 
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thickness of the formed on layer is also changed and in consequence also the color 

under bright field illumination microscopy. 

 

Dendritic structure of alloy A-B. 

Schematic course of chemical 

composition along the line x-x.  

Surface profile of etched sample 

resulting from the varying 

chemical composition. 

 

Color microscopic picture 

resulting from the course of 

layer thickness. 

 

Fig.  B.6 – Sketch of the principle of color etching, [7]. 

 

Color etchants have to form surface layers exhibiting a thickness in the range 

100 to 150 nm of oxide, sulphide, complex molybdate, elemental selenium, or chromate 

on the specimen surface. Satisfactory color etchants are balanced chemically to produce 

a stable film on the specimen surface. This is contrary to ordinary chemical etchants 

where the corrosion products produced during etching are redissolved into the etchant. 

Color etchants have been also classified as anodic, cathodic, or complex systems 

depending on the nature of the film precipitation. 
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More precisely, etching is a controlled corrosion process based on the 

electrolytic action between surface areas of different potential. For pure metals and 

single-phase alloys, a potential difference exists between grains with different 

orientations, between grain boundaries and grain interiors, between impurity phases and 

the matrix, or at concentration gradients in single-phase alloys. For multiphase alloys, a 

potential also exists among the various phases present. These potential differences alter 

the rate of attack, thus revealing the microstructure when chemical etchants are used. 

For a two-phase alloy, the potential of one phase is greater than that of the other. During 

etching, the more electropositive (anodic) phase is attacked while the more 

electronegative (cathodic) phase is not attacked appreciably. The magnitude of the 

potential difference between two phases is greater than the potential differences existing 

in single-phase alloys, hence, alloys with two or more phases etch more rapidly than do 

single phase metals and alloys. 

As the film thickness increases, interference creates colors (viewed with white 

light) in the usual sequence: yellow, red, violet, blue, and green. With anodic systems, 

the film forms only over the anodic phase but the thickness of this film can vary with 

crystallographic orientation of the phase. For cathodic systems, the film thickness over 

the cathodic phase is generally constant so that only one color is produced. This color, 

however, will vary as this film grows during etching. Hence, to obtain the same color 

each time, the etch time must be held constant. This is usually accomplished by timing 

the etching and by watching the macroscopic color of the sample during staining. 

 

 

Fig. B.7 – Colour contrast on a nodular cast iron, white tracks - not coherent film, 

etched sodium chromate, mag. 400x 
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Color etching technique applied to the nodular cast iron microstructure is a very 

useful tool for the analysis of the chemical micro-inhomogeneity of the matrix, [8]. 

Chemical inhomogeneity affects the phase transformations in the solid state and 

therefore the matrix structure and properties, [9]. In Fig. B.7 the color etching on 

nodular cast iron microstructure observed at the light microscope is shown. The 

segregation of elements is well visible in the scale of coloring from blue to brown. The 

highest content of Si and the lowest content of Mn (light blue places) are around the 

graphite particles: in the direction to the boundaries of the eutectic cells the content of 

Si decreases, and increases the content of Mn (darkening of brown color). The highest 

content of Mn and the lowest content of Si are on the limits of eutectic cells, which are 

highlighted by brown coloring. 
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