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Chapter 1

Introduction to Mechanics of

Microstructured Materials

1.1 Microstructured materials and length scaleseption

Physical Continuum Micro- and Meso-mechanics, [1], is aivelgtnew branch
of Mechanics of Materials that focuses attention on loadedméerd meso-volume of
material. Many industrial and engineering materials as wethe majority of “natural”
materials are inhomogeneous, i.e. they consist of dissigolastituents (or “phases")
that are distinguishable at some (small) length scale. InLEigthe microstructure of a
railway medium-carbon steel is shown: ferritic areas (16%mel fraction) together
with pearlitic islands (84% of volume fraction) can be distisad and form a

complex dual-phase arrangement. Each constituent shows differeatatproperties
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and/or material orientations and may itself be inhomogeneous &t smailler length
scale(s). Typical examples of inhomogeneous materials are &hd particles
composites, polycrystalline materials, porous and cellular rattefunctionally 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 atelids
Science that can not been solved using conventional approaches. Besigé®ctive
properties of non-homogeneous bodies, there is ereasing need for incorporating
more physical information about small-scale mechanisms of defmmand damage
into phenomenological models of plasticity and rupture of matesibish are usually
considered homogeneous. Cavitation, local stress or strain catmerd at small scale
are essential to explain nonlinear phenomena, such as fatiguetibe dupture, which
are not understandable from the simple point of view ofamgeeistresses or strains.
Precise determination or accurate estimation of locaddiels the domain of
micromechanics, [1], and may involve considerable coatmrtal efforts.

Elasto-plastic deformation of materials has been conventioaa#fyzed using
continuum mechanics. It simulates material deformation andufeadbased on a
macroscopic description. On the other hand, experimental datatehowvolution of
internal microstructure in metals plays an important role. é@ample, dislocation
theory has been used to analyze strain hardening, substruotumatibn through

deformation, and stage-like character of macroscopic flow sumgsociated with the
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evolution of internal microstructure. Non-homogeneous deformationtufeacof
materials with different coatings on functional materials atreer studied cases, [1].
These problems have a common fracture feature that involvesntdvdedge of the
evolution of their material constituents in addition to theindwior in service.

Macroscopic description, even including the dislocation theory campddie
mechanisms of plastic deformation and fracture without additiori@innation. This
includes data on individual metal grain behavior and grain interadbenavior of
internal boundaries between different structural elements andatiormof new
structural units through deformation such as cells, bands, bloakd, other
substructures.

The micromechanics treats the material under deformation tasrarchy of
organized system of structural elements of different sddle<]. Microstructured
materials are inhomogeneous at some small length scale, different constituents
(the phases) can be distinguished. At every scale level,seensyof structural
organization prevails. At the microscopic level, the elemeautsbe intrusion atoms and
structure defects (vacancies, dislocations). At the mesg-léhe elements may
correspond to cells, blocks, grains, hard inclusions, etc,1F2g.The intermediate meso-
level possesses its own peculiar features: it addeiscription of the behavior of a solid as
a continuum.

As an example of the above length scale concepitiofig. 1.2 is depicted a
scheme with reference to the nodular cast iron material sySteendifferent length
scales at which the mechanical response of this matamabe analyzed are shown. At
the macroscale level, the material response is obtainedtémsile specimens and it is
used in structural design. On the other hand, the microscaleolekel. 1.2 considers
ductile damage occurring by plastic cavitation and instabditythe ductile matrix
around nodules, which act like large voids. Final failure may obgumicro-void
growth and cavitation around inclusions in the ferrite phase. Ametiate level, the
mesoscale, is also introduced in the figure, and it is cleaizetl with the help of an
etched nodular cast iron microstructure. This level addresmespdssibility, quite
common in practice, that the nodular cast iron may be charactdrza matrix made
of two different constituents, ferrite and pearlite, in additiorthe graphite nodules.
The micrograph at the mesoscale shows ferrite as white pesatite as gray areas and

graphite as black patrticles. It also shows that the feph@&se always surrounds the
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graphite nodules. Depending on the ferrite volume fraction,tdemiay surround a

single nodule or engulf more than one nodule.

a) b) c)
Fig. 1.2 — Length scales relevant to the mechanical lb@hafva microstructured
material (as nodular cast iron): a) Macroscale (i.e. strecspecimen), b) Mesoscale

(i.e. phases, nodules); c) Microscale (i.e. inclusions,ardeffects)

The microstructures of most practically relevant matedetstoo complex for a
deterministic description in full detail, so that the geoioat arrangement of phases
has to be treated statistically and described by appropristiébdiion or correlation
functions, [3]. In many materials of engineering interest riierostructure can be
considered as statistically homogeneous, and the statistesdrigtors of the
geometrical arrangement do not depend on the position they aretedadia[3]. For
such statistically homogeneous systems it is meaningful to defihene averaged
properties, which are then independent of the size and position wbltiree element
considered, provided it is sufficiently large. A volume elattbat contains all the nec-
essary information for the statistical description of a mingcrostructure is called a
reference volume element (RVE). Statistically homogeneowsostructures may be
statistically isotropic, the statistical descriptors beirgationally invariant, or
statistically anisotropic, in which case there are pretedirections in the shapes,

orientations or positions of the constituents, [2].
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Let us analyze the simplest case of a microstructuredriadagéssociated with
two characteristic length scales, viz. the macrosaadetlae much smaller length scale
at which the material is inhomogeneous, here referred teeasitroscale.

At the macroscale, the behavior of a microstructured mataiabe described
by that of a suitably chosen equivalent homogeneous material, ¢h i@ stresses and
strains vary without sharp discontinuities according to the macrasgepimetry and
loading conditions. In the absence of marked macroscopic gragiesamposition and
loads, the slow variations are not evident at the microseéilere the heterogeneity of
the material is reflected by small-scale (“fast”, [2igtuations of the local stresses and
strains. Accordingly, the stress and strain tensrande as well as other variables
may be split into “slow” (marked by overbars) and “fast” (mdrkey primes)

contributions to give

wherex denotes the position vector.
For inhomogeneous materials that show sufficient separatioredetiength

scales, it is possible to write the relation

s*(x)e* (x)dW =(s* & ) =(s* )(& ) (1.2)

w

that holds for general statically admissible stress fefdand kinematically admissible
strain fieldse* [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-homaiyecendition or the
Mandel-Hill condition, [5].

The macro-homogeneity condition implies that the volume averagath st
energy density of an elastic inhomogeneous material can be obtamethe volume
averages of the stresses and strains, provided the microvaodo-scales are
sufficiently different. As a consequence the notion of a homogemetarence material

that is energetically equivalent to a microstructurecentbecomes possible.



Chapter 1 Introduction to Mechanics of Microstruetl Materials 10

1.2 Homogenization and localization

A common practice in structural mechanics when dealing with cadtepos
structures is to replace their highly non-homogeneous constitughtdhi@mogenized
materials, [2]. Some of their overall properties can be datedrnexperimentally, but
in practice, many of them are difficult to measurewhole area of Solid Mechanics
has been developed in the past thirty years to predict tiwadisetthe effective
properties of composite materials, directly from the propertiestludir individual
constituents (ophase¥ and their distribution (thenicrostructurg. From the early
work by Hashin and Shtrikman [4] and Hill [5], considdeaprogress has been made
on this problem when the constitutive behavior of the phaséreiar elastic By
comparison, much less is known about tlo@linear constitutive behavior, including
plasticity and creep, of composites, although rigorausbs and estimates have been
recently proposed by Willis [6], Ponte Castaneda [7] and Suguérhong others) for
nonlinear constitutive relations deriving from a potential, apnd &ply and Dvorak [9]
for incremental constitutive relations.

Schematically, the theory of homogenizatioonsiders the ratio between the
typical size of inclusions to the typical size of thpecimen as a parameter. The
reference homogenized equations are the limit equations obtaingtisasmall
parameter goes to 0. Local fields are given dwoyrectors [2]. The macroscopic
mechanical behavior (or effective response) is deduced from thenkmmehanical
properties and microscopic arrangements of the constituents.oft@spgonding scale
transition from the smaller to the larger length scalerisethout by volume averaging,

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

E:Vivwe(x)dW:%vG u(x) Ang(x) +ng(x) Au(x) dG  (1.3)
_—i :i A
=W VVs(x)dW W o t(x) Ax dG (1.4)

where G is the surface of the control volume n stands for the associated surface
normal unit vectoru denotes the displacement fieldjs the traction vector at the

surface, andA represents the dyadic product of vectors. Note that the avestgats
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and stresses are fully determined by the surface displacenagats tractions,
respectively, provided the interfaces between the constitaemtserfect and no cracks
are present.

Important applications of homogenization analyses, especially inineanl
regimes, are materials characterization, i.e. theulsition of simple mechanical tests
leading e.g. to uniaxial stress vs. strain diagrams, @mmomechanically based
constitutive models, which are capable of providing estimdtéiseomaterial response
for any sequence of loading conditions.

On the other hand, the local stress and strain states atitroscale under given
macroscopic loading conditions are of considerable interest, iakped the
macroscopic damage and failure behavior of a microstructuredriadats to be
understood and described in terms of microscopic damage mechanisais.aS
transition from the larger to the smaller length scalefexmed to adocalization In the

isothermal case it can be formally denoted as [2]

e=A(x)e (1.5)
s(x)=B(x)§ (1.6)

for the stress and strain fields, wheé¥é) andB(x) are known as the strain and stress
concentration tensors (or localization tensors), respectively.t®tiee complexity of
real microstructured materials, approximations generally nhbestresorted to in

homogenization and localization analyses.

1.3 Micromechanical modeling approaches

The prediction of mechanical behavior of multi-phase mateniatpires
sophisticated modeling tools. Micromechanical models are used évstanad the local
mechanics and mechanisms governing the macroscopic elastielastit-plastic
deformation of heterogeneous solids. They provide overall behavar #mown
properties of the individual constituents and their detailed interaainlike the macro-

mechanical approach in which the heterogeneous structure behasior beaknown to
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predict the aggregate behavior using a computational model. Michamieal
modeling offers the opportunity to model materials on a microstraickevel, for later
interpretation of the results on a macroscopic level.

Some basic features are common to any micromechanical npdelproach:

A. the geometric definition of a RVE which possesses thengisl characteristics
of the microstructure

B. the constitutive description of the mechanical behavior of phelse and the
interaction between them

C. a homogenization procedure based on the RVE to get the macroseteral

behavior.

Constitutive equations and the corresponding material propertia$ inse
structural analyses are in most cases obtained from expeginstudies performed on
specimens which are large enough to represent the effectivegveeall, material
behavior. In the case of multi-phase materials, this éffeatesponse typically is
determined by the topology and geometry as well as the therm@ameahmaterial
and interfacial behavior at lower length scales, i.e. mesizro- and submicro-scales.
If modeling is combined with experiments, a more detailed piotirthe material
behavior is achieved, because experiments give a basic undergtaf the materials,

while modeling can be used to study certain phenomena indetai.

1.3.1 Analytical techniques: mean field approaches and variational bountktigpds

A multiphase material is by definition heterogeneous and itd |[mogerties
vary spatially. If the material is statistically homogeng, which means that the local
material properties are constant when averaged over a nefatt@se volume element,
then it is possible to replace the real disordered material Hiymogeneous one where
the local material properties are the averages over thesapative volume element in
the real material. Estimation of those averages preseuntglarhental issue for different
effective medium theories, Nemat-Nasser and Hori [10], Abfduidj Dvorak [12].

One strategy for modeling the mechanical behavior of micrasted materials

consists in approximating the actual stress and strain fieldgshhge-wise constant
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fields, the statistics of the micro-geometry being accoufdedn terms of simple
descriptors such as the phase volume fractions and the owarafiedry, [2]. This
modeling philosophy leads to mean field estimates, Hashin—Shtrikstanates, and
Hashin-Shtrikman-type bounds, which in their basic forms provide acedlly&sults for
the linear behavior of inhomogeneous materials. Most of the methods caxtdreled
to the nonlinear range, where solutions typically are obtained obasie of elastic
reference composites and numerical methods may have to belfugaeglastic, dual

phase material, is considered

the overall behavior can be described as
s=E*e and e=C*s (1.8).

1
HereE* andC* denote elastic and compliance effective tensors @itk E* . Phase-

wise constant strain and stress fields are obtained by plvasaging as

= VW,).9(x)dW and s = S (x)dw - (1.9)

where (p) | denotes the volume of phase (p). The localization relations are the
(note that the elastic concentration tensors are no longer funofitims positiorx as in
eg. (1.5) and (1.6)):

e =A'e (1.10)

s =B"s (1.11)

Denoting the phase volume fractions)d8 = V\ip)/w the relations

e= X" 4 g and 5 =x0s "y mg™ (1.12)
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where (r) and (m) apices indicates reinforcement and matrpectsely, follow
immediately from the definitions of the macroscopic and phaseaged fields and the

expressions

X(r)z(’)

+x™MB™ = (1.13)

which link the concentration tensors of reinforcements and matixbe obtained from
egns. (1.7) to (1.11). Herk stands for the unit tensor aridfor the null tensor.
Furthermore, the effective elastic tensors of the micrasired material can be

expressed in terms of the concentration tensors and the matenpertpgs of the
constituents

Ex = xOEOAY 4, mgmAM™ —gm) 0 (E(r) ] E(m));(f)

3 - T (114
cr=xICt B 4 B = ¢ ax) () - ) B

The elastic stress and strain concentration tensors ofea givase are linked by the

relations

(n)

=ePAc*  (1.15)

from which the effective elastic responses maylleimated by using egns. (1.13) and
(1.14). On the one hand, the written elastic equati(1.15) implies that within the
mean field framework both homogenization and lazdion problems are essentially
solved once the concentration tensors are knowrth®wther hand, they show that all
concentration tensors of a dual-phase materialagedlable once any of the elastic
concentration tensors is known. Alternatively, domcentration tensors can be deduced
when both the phase-level and the overall elasti@bior are known.

From the above short theoretical introduction, likady appears that the

derivation of appropriate concentration tensorsofismajor interest in continuum
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micromechanics of inhomogeneous materials. In 1%shelby published the

expressions of the stress and strain distributiongfinite elastic media containing a
subregion, referred to as a homogeneous inclushat, being variable in its shape
and/or size (undergoes a “transformation”), it mager fits into its previous space in the
“parent medium”, [13]. His results show that a onif straing (“unconstrained strain”

or “eigenstrain”) acting on an homogeneous elligabiinclusion embedded in an
infinite linear elastic matrix, gives rise to a famm in-situ (“constrained”) strain state

€, that can be related to the stress-free stdg the expression
e =Se, (1.16)

S being known as the Eshelby tensor. It depends omlthe material properties of the
matrix and on the shape of the inhomogeneitieschviban be described by an aspect
ratio coefficient. The Eshelby’s theory for homogeus inclusions, eqn.(1.16), can be
applied to the study of mean field of stress amdirstin of dilute matrix-inclusion
composites, by introducing the concept of equivialeemogeneous inclusions. This
strategy involves replacing an actual perfectlydsthinhomogeneous inclusion (which
has different material properties than the matswbjected to a given unconstrained

eigenstraing with a fictitious equivalent homogeneous inclusion which an

appropriate fictitious equivalent eigenstraanis acting. This equivalent eigenstrain

must be chosen in such a way that the same strebsstaain fields,(s)m and

(e}m = g, are obtained in the constrained state for theshithomogeneous inclusion

and the equivalent homogeneous inclusion. Followjthg] this process can be
visualized as consisting of “cutting and weldingieoations as shown in Fig. 1.3.

The concept of the equivalent homogeneous inclusaanbe extended to cases
where a uniform mechanical straip @ external stress,ss applied to a perfectly

bonded inhomogeneous elastic inclusion in an i&imnatrix. Here, the strain in the

inclusion, (e}m, will be a superposition of the applied strain aficin additional term

e; due to the constraint effects of the surroundirgfrix. For the derivation of the

concentration tensors, the condition of equal seéesnd strains in the actual inclusion
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(elasticity tensorE®Y) and the equivalent inclusion (elasticity ten€8f”) under an

applied far field straim, is denoted as

s =gV, —e) =E™(e. — &)
Fig. 1.3 — Scheme of the Eshelby equivalent inolugirocedure for a matrix-inclusion

system loaded by a transformation strjril4].

Expressions for the components of the Eshelby tertaining to spheroidal
inclusions in an isotropic matrix are availablenany works, among them [15, 16].

The above result on homogeneous inclusions cars&e to describe the case of
an ellipsoidal inhomogeneity with elastic propesrﬁér)embedded in an infinite matrix

with elastic propertieE(m). When such a system is subjected to a far fieklrse, the
elastic mismatch between the constituents gives tosstress and strain fields in the

inhomogeneity and the surrounding matrix. Introdgcia fictious inhomogeneity
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subjected to an appropriately chosen “equivalentjerstrain @ for the elastic
superposition principle and for eq. (1.16), thesttastress and strain concentration

tensors for the reinforcement are calculated:

(1.18)

Eqns. (1.18), derived by Hill [17], holds for diéutreinforcement volume
fractions (< 2+3%) for which the stress and stfgids in a given inhomogeneity are
not perturbed by those of its neighbors.

In composites with reinforcement volume fractioristmre than a few percent,
interaction effects between individual reinforcetsegive rise to inhomogeneous stress
and strain fields within each inhomogeneity (“inparticle fluctuations”). Moreover,
they cause the levels of the average stressedraimssn individual inhomogeneities to
differ (“inter-particle fluctuations”). The interion effects in non-dilute cases are taken
into account introducing suitable effective homagmus matrix strain and stress fields,
which account for all perturbations from other femements. Following Benveniste

[18] this idea leads to the equations

e =ail e =l Al e

s" =Bis " =B Bl

(2.19)
which may be viewed as the central assumption ef sb called effective field
approximations or Mori-Tanaka estimates, [19]. Mari-Tanaka matrix concentration

tensors can be expressed in terms of dilute corat@nt tensors for the matrix as:

(n *

_ i ool
AT = XM XAy (i)

and B = xM +x"BY (1.20)

and for the reinforcement as:
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1

—(m —(r) 1 —(m —(r) ~
A = x4 Al and B™ = x| +xBY (1.21).

Fig. 1.4 — Mori-Tanaka structure: an arrangemeralighed ellipsoidal reinforcements

Tandon and Weng [20] formulated a Mori-Tanaka metti@mt directly yields

estimates for the overall elasticity ten&gr*:

-1

E, =E(m)[| - x1) (E(r)_ E(m))(s_ X(r)(S |)4) g™ _l(E(E) E(m))] (1.22)

which for porous materials, lettirigf” 0, gives

(1
* _ m X -1
Ev oo =E™ 1 +W(I -S) (1.23).

Mori-Tanaka theory covers the full range of phastume fractions, 0<<1,
and corresponds to microstructures consisting igfnadl ellipsoidal reinforcements,
both sets of ellipsoids having the same asped,ras$i in the scheme of Fig. 1.4. Mori-
Tanaka methods are well suited for describing nedgewith matrix—inclusion micro-
topologies.

Hashin and Shtrikman (HS) in 1962 [4] proposed wiwl expressions that
bounds the elastic constants of a heterogeneousriaiatvith a random isotropic
distribution of phases from the properties and n@uraction of each phase. They are

based on a variational principle which, combinethvan hypothesis of isotropy, leads
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to a calculation of the average strain in one @& finases 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 softearder) phase taken as the
matrix. The spherical shape of the inclusion refiebe isotropic phase distribution, see
Fig. 1.5. The HS bounds are extremely easy to ctenghen the constitutive phases
are isotropic and have general validity. In thetipalar case of a composite made of
spherical inclusions isotropically distributed innaatrix, the lower (upper) bound
provides a good estimate for the effective properaf the composite, when the matrix
is the softer (harder) phase, as long as the voluaction of inclusions is not too high
(typically less than 20%), the interactions betwparticles resulting underestimated for
larger volume fractions. The HS analytical expraswf the overall elastic stiffness of

microstructured two-phase materials can be writiehe form

E,=EM +x(f)(|_° - E(’“)) |+ ™ (L°+E ('“))'l(E = (’“)) b (1.24)

where the tensdr® (overall constraint tensor) is defined as

L°=E° (s°) -1 (1.25).
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Here the Eshelby tenscB0 must be evaluated with respect to the reference
material. The HS bounds can be extended to congsogihose phases do not exhibit
isotropic elastic properties and with anisotropitribution of the phases (“ellipsoidal
symmetry” of the phase distribution), as well agh® nonlinear regime, [21].

Note that Mori-Tanaka model gives exactly the saewilts as one of the HS
bounds (the lower one when the matrix is the sqftesise) for spheres, elongated
inclusions with the same shape, and anisotropisgsa

The HS bounds can be used as a rapid check toofihdvhether the elastic
properties of an inhomogeneous material are reéagonar not, provided that its
microstructure is in agreement with the HS hypdthe®n the one hand, if the
properties of a composite lay below the lower bguhd composite might contain a fair
amount of defects. On the other hand, if they lagva the upper bound, the structure
might be fibrous instead of particulate, [2].

1.3.2 Periodic microfields, unit cells

Periodic microfield approaches analyze the behawfoinfinite (one, two- or
three-dimensional) periodic arrangements of carestits making up a given
inhomogeneous material under the action of fardfiglechanical loads or uniform
temperature fields. The most common approach talystg the stress and strain fields
in such periodic configurations is based on deswgilthe micro-geometry by a
periodically repeating unit cell (or reference réti which the investigations may be
limited without loss of information or generalitgif least for static analyses, compare
Fig. 1.6.

The advantage of such approaches is that morestieatiicrostructures can be
considered, and thereby better prediction of Istedsses and strains is possible. The
micromechanical modeling of cells is generally #&gplto the prediction of the
macroscopic mechanical behavior of two materiatesys in which one material is
dispersed with spherical inhomogeneities. The pnemt feature of this approach is the
transition from a medium with a periodic microstire to an equivalent homogeneous
continuum, which effectively represents the materizspecially the finite element
method (FEM) allows a good basis for modeling tihady 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 strainsd astresses are split into

constant macroscopic contributions (slow variablés) and (s), and periodically

varying microscopic fluctuations (“fast variables),z) ands’(z), in analogy to eqn.
(1.1). The position vector is denotedz® indicate that the unit cell is defined on the
microscale. The volume integrals used to obtaimames, egns. (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-straiand micro-stresses show that the
work done by the actuating stress and strain dmrttans vanishes, [2].

Evidently in periodic microfield approaches eaclit wh periodicity (unit cell)
contributes the same displacement increni&intand the macroscopic displacements

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

which shows the variations of the straiags) =( &)+ ¢('s) and of the corresponding

displacementsu,(s)=(e,) s+ u( 9 along some section lins in a hypothetical

periodic two-phase material consisting of constitaeA and B. Obviously, the relation
(e,)=Du/l, holds (for linear displacement-strain relationsherely stands for the
length of a unit cell in directiors and us for the corresponding displacement

increment. The periodicity of the strains and oé ttisplacements is immediately

apparent.
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Fig. 1.7 - Scheme of the variation of the strais) and the displacementgs) along a
section line (coordinate direction s) in a inhomug@us material consisting of phases A
and B, [2]

Appropriate boundary conditions (B.C.s) have topbescribed on the cell in
order to generate valid undeformed and deformet@sstaertinent to the investigation
(i.e. gaps and overlaps between neighbor geomefrless boundary conditions for the
unit cells must be specified in such a way thatlafbrmation modes appropriate for the
load cases to be studied can be attained. Herendiomels given to two types of
boundary conditions used in periodic microfield lggas of the mechanical behavior of
periodic model materials, i.e. i) periodicity anyl symmetry. Generally, for a given
periodic phase arrangement unit cells are non-@npitiie range of possible shapes being

especially wide when point or mirror symmetries resent in the micro-geometry.
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Fig. 1.8 - Periodic hexagonal array of circuladiistons in a matrix and

definition of 11 possible unit cells, [2].

With respect to Fig. 1.8, a planar periodic hexaf@mray of circular inclusions
and some of the unit cells that can be used toysasgects of the mechanical behavior
of this arrangement are illustrated.

In Fig. 1.9 schematic sketches of periodicity ayhmetry B.C.s are given for
two-dimensional unit cells. The most general boupdaonditions for unit cells are
periodicity (“toroidal”, “cyclic”) B.C.s, which carhandle any possible deformation
state of the cell and, consequently, of the inhagnegus material to be modeled. In
Fig. 1.8 cells A to F belong to this group. For taese of quadrilateral two-dimensional
unit cells, see Fig. 1.9 left, the periodicity d@nachieved by pairing opposite faces and
linking the corresponding degrees of freedom fraamhepair of faces. The resulting
equations for the periodically varying microscopiisplacement vectors at the

boundariesy’, can be symbolically written as

u'N (Zl):uS(%.)-l-ulNW uE(ZZ):uIW(ZZ)+ulSE uNE=u'NW+u'SE (126)
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Fig. 1.9 — Schemes of periodicity (left), and synmnéright) boundary conditions in
two-dimensional unit cells, [2]

Here z, and z, denote corresponding positions on the N and S fasesell as

on the E and W faces of the unit cell, respectivétguation (1.26) slaves the
microscopic displacements of nodes on faces N ataltBose of corresponding nodes
on the “master faces” S and W, with the nodes SENAV acting as “master nodes”.

Periodicity B.C.s generally are the least restrectoption for multi-inclusion
unit cell models using phase arrangements obtdiyedtatistically based algorithms
(“supercells™) or by experimental techniques (rsmlicture based models). In practice
FE-based unit cell studies using periodicity boupad@anditions can be rather expensive
in terms of computing time and memory requiremeriscause the multi-point
constraints required for implementing eqn.(1.2@dtéo degrade the band structure of
the system matrix, especially in three-dimensi@mablems, [2].

For rectangular and hexahedral unit cells in whighfaces of the cell coincide
with symmetry planes of the phase arrangement andliich this property is retained
for all deformed states that are to be studiediogmity B.C.s simplify to symmetry

boundary conditions. For the scheme of Fig. 1.¢herright these B.C.s take the form

U'e (22) = Usge Vi (21) = Viw U'y (22) =0 Vls(z1) =0 (1.27)

whereu’ andVv’' are the components of the microscopic displacemeatoru’. The
roles of slaves and masters are the same as in (&d6). Symmetry boundary
conditions are fairly easy to use and tend to gise to small unit cells for simply
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periodic phase arrangements, but the load caséscéimabe handled are limited to
uniform thermal loads, mechanical loads that adafliirections normal to one or more
pairs of faces, and combinations of the above.ign E8, unit cell G uses boundary
conditions of this type. Symmetry boundary condisicare typically very useful for
describing relatively simple micro-geometries, berid to be somewhat restrictive for
modeling phase arrangements generated by statistizesed algorithms or obtained

from micrographs.

1.3.3 Embedded cell approaches

Embedded Cell Approaches aim at predicting the afields in inhomogeneous
materials at high spatial resolution. They use nedm®nsisting of a coreldcal
heterogeneous regipnranging from simple configurations to highly aiééd phase
arrangements, that is embedded in an outer repiminserves mainly for transmitting
the applied loads, compare Fig. 1.10. This modesitigtegy avoids the requirement
that the geometry and all microfields must be #yriperiodic. A material description
must be chosen for the outer region that is corbfgato the smeared-out behavior of
the core, so that errors in the accommodationregsés and strains are avoided.

Three basic types of embedding approaches canumel fim the literature. One
of them uses discrete phase arrangements in beitotle region and in the surrounding
material, the latter, however, being discretizedalipuch coarser FE mesh. Models of
this types are not subject to boundary layers batweore and outer regions. In the
second group of embedding methods the behavidneobtiter regions is described via
appropriate smeared-out constitutive models. Irsthiplest case these take the form of
semi-empirical or micromechanically based constieutaws that are prescribed a priori
for the embedding zone and which must be choseorn@spond closely to the overall
behavior of the core. The third type of embeddichesne uses the homogenized
thermo-mechanical response of the core to deterntineeffective behavior of the
surrounding medium, giving rise to models of thié-sensistent type, which are mainly
employed for materials characterization.

When a multi-particle unit cell is used as the corea quasi-self-consistent
embedding scheme, the relaxation of the periodicipstraints tends to make the

overall responses of the embedded configurationesahan that of the periodic
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arrangement. For materials characterization emtbddells can be loaded by
homogeneous stresses or strains applied to the totendaries, while for crack
problems it is often preferable to impose displageim boundary conditions
corresponding to the far field behavior of suitahlealytical solutions (e.g. for the

displacement field around a crack tip).

Fig. 1.10 — The arrangement of core, embeddingregind interface in an embedded

cell approach, [2]

1.3.4 Windowing approaches

Micromechanical modeling of heterogeneous materidlg windowing
approaches is based on experimentally obtaineceasnstructed phase distribution,
involving some statistics principle. They are usedbtain rigorous estimates on the
overall thermo-mechanical response of an inhomagenanaterial on the basis of
volume elements that are too small to be proper ®\dlernatively, they may be used
to assess the suitability of volume elements ofvargsize for describing the overall
mechanical response of an inhomogeneous materiahégking the closeness of upper
and lower bounds on their overall thermo-mechanpcaperties. Windowing methods
are subject to some limitations in studying thesgrand strain fields on the microscale

due to the presence of boundary perturbations gfbrmethods studying discrete
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microstructures the influence of boundary pertudret decreases with growing size of

the volume element and vanishes for a proper RVE).

Fig. 1.11 — Two windows of different size obtairfemim a particle (or a aligned

continuous fiber) reinforced composite, [2].

Windowing approaches are based on placing mesasdesti windows at
random positions in an inhomogeneous material, @venpig. 1.11, and subjecting the
resulting samples of the microstructure to unifdraction. These test windows may be
smaller than proper RVEs. If sufficiently large ron-pathological” windows are
chosen, the obtained prediction gives lower andeugstimates, respectively. These
bounds are sometimes referred to as mesoscale ©idBydiefinition, for correct RVEs
the lower and upper estimates and bounds on thealbveastic properties must
coincide. By using a series of windows of incregssize a hierarchy of bounds can be
generated for a given microstructure, which alldwsassess the dependence of the
predicted overall moduli on the size of the window.

Recently windowing approaches have been extendedtle nonlinear range
[23], where the bounding properties of the two s/pé boundary conditions can be
proven within the context of deformation theory. cAnceptually different type of
windowing models is introduced by Schmauder ef{24], who subjected rectangular

test windows based on real MMC microstructure tgeednentally determined
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boundary displacements. The main interest in spphoaches lies in correlating micro-
strain fields obtained by experiments and by maodeli studying damage

micromechanism in the matrix and in the patrticles.

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

Due to the complexity of the problem, idealized mstructures having simple
geometry and periodical spatial arrangements ofasiucture features are generally
used in the two- and three-dimensional micromedaritE-based calculations. Such
models reproduce the microstructure of the comeosita statistically equivalent way,
but ignore the complex geometry of real microstites.

Digital image analysis and microstructure modeltogls can provide useful
input for studying and predicting the material beba and for a microstructure
sensitive design, both in two and three dimensidme incorporation of the detailed
microstructural geometry in the simulations of miale behavior can be achieved with
recently proposed methodologies, [25-27].

In a 2D FE based micro-model, a grabbed digitalgenaf microstructural field
can be directly incorporated in a finite elemenimatercial code, providing the
(automatic) mesh of the field. Although the comfierf the mesh construction in such
a model is high and the calculation time long, sh&ly of microstructural features as
phase arrangement, pores, cracks or inclusionsr@aléstic way is possible. The FE-
scheme can spreads on different length scales,ndeye on the desired level of
analysis. The magnification of the metallographect®n (from 25 to 1000 times) is a
direct consequence of the adopted length scale.

The so calledserial sectioningechnique has been developed to construct three-
dimensional FE based models, for the study of inbggneous distribution of stress and
strain fields and damage evolution at the micr@escd@he serial sectioning involves
observation of an area of a metallographic plang @imotographing or grabbing its
digital image, removing a small amount of specirtiéckness (1-3rm) by polishing or
precision milling, and observing an area in exattly same location as in the first
plane. The image of the area of interest in theorsgcmetallographic plane is

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

reconstructed from the serial sections, comparelFig.

Fig. 1.12 — Schematic of a digital image-based rhofda 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 whitte eutectic graphite separates
from the molten iron during solidification formingny spheres. Graphite grows as
spheres rather than as flakes or other shape l#eochulse additives (a few hundredths
of 1% of magnesium or cerium) introduced in the tewliron before casting as
inoculants. It may be considered a special kinccahposite, in which the nodular
graphite imparts unique properties to ductile irmmnpare Fig. 2.1.

Cast iron containing spheroidal graphite is muctorgter and has higher
elongation than gray or malleable iron. Ordinargygcast iron is characterized by a
distribution in the metal matrix of random lamellaisgraphite with a length of 0.1-1
mm. It has strength between 100 and 400MPa andbiexlai very low ductility (< 1%).
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With respect to lamellas, the spheroids in dudtiten create fewer and less severe
discontinuities in the metal matrix thus producingtronger, more ductile cast material.

Strength in nodular cast iron ranges from 200 @\Ma, and ductility can reach 25%.

Fig. 2.1 — SEM image of nodular cast iron microstinue, a composite material

Fig. 2.2(a) shows the cracking mechanism in a geesf iron. Crack starts from
the lamella’s tip that is acting as a stress-cotmatr, crosses the graphite and
propagates through the matrix in both the direstiom Fig. 2.2(b) the cracks

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

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

Nodular cast irons have strength, impact toughmess ductility comparable to

those of many grades of steel while exceeding byhase of standard gray irons. In
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addition, nodular cast irons have also the samardeges of design flexibility and low
cost casting procedures of gray irons. Their casrosesistance is equal or superior to
that of gray cast iron and cast steel in many cbreo environments. The wear
resistance is comparable to some of the best gmafdsteel and superior to gray iron
under heavy load or in impact situations. Moreowenall amounts of nickel,

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

hardenability. Larger amounts of silicon, chromiumckel or copper are added to
improve the resistance to corrosion, oxidation,asimn, or for high-temperature

applications.

2.1.2 Classes of nodular cast iron

The specifications for standard grades of ductde iaccording to ISO, ASTM
or SAE standard, are based on mechanical propéstiength or hardness, see Fig. 2.3)

while composition is either loosely specified ordaasubordinate to.

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

Ductile irons are basically produced in the follogi three ranges of
microstructures or “grades” (the ASTM specificatiarthe brackets indicates minimum
tensile and yield strength in ksi and elongatiopencent, [2]):

- The ferritic grade (ASTM 60-40-18yith a fully ferritic matrix, shows a high
impact resistance and a good machinability
- Theferritic-pearlitic grade (ASTM 80-55-06yvith a mixed matrix, is the most

used in the technical applications. It has interiatedproperties
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- The pearlitic grade (ASTM 100-70-03vith a fully pearlitic matrix has high
hardness and tensile strength while the ductitpw.

A martensitic or austenitic matrix can also be oi#d in ductile cast iron, as a
consequence of heat treatment (quenching and tergpein order to achieve specific
mechanical properties. The relatively neaustempered ductile iron(ADI) is
accomplished by heating the casting to a tempearatuthe austenite-phase range (815
to 925°C), holding for the time required to satertte austenite with carbon, cooling to
a temperature above thesMemperature at a rate sufficient to avoid the ftion of
pearlite or other mixed structures, and then hgl@dinthat austempering temperature for
the time required to produce the optimum structofreacicular ferrite and carbon-
enriched austenite.

Fig. 2.4 — A comparison between mechanical progedf ductile irons, [3]

A lower austempering temperature produces a fiilgh-strength, wear resistance
structure; a higher transformation temperaturelt®su a coarser structure that exhibits
high fatigue strength and good ductility. The ADtades following the ASTM
specification range from 1 to 5, corresponding toni@mimum tensile strength from
125ksi (850MPa) to 230ksi (1600MPa). A comparisetween the different types of
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nodular cast iron in terms of strength and of ditictis depicted in Fig. 2.4, where the
gray iron appears too. It is evident the supesiaftADI on ductile iron.

Nodular cast iron can be classified on the basgrabhite spheroid shape, by the
metallographic analysis of the microstructure. €akduch as reported in Fig. 2.5 divide
the shape of nodules into types or classes, frqqpetfect nodularity) to VIl (flake
graphite) following the ASTM standard specificatidrom VI (spheroidal graphite) to |
(flake graphite) by the 1SO specification. The shap graphite in ductile iron strongly
affects its performances. A perfect nodularity hssim a five to seven times increase in
the strength of the cast material, intermediatpasidetween a true nodular form (such
as ISO type VI) and flake form (ISO 1) yield mecleah properties that are inferior. The
size and uniformity of distribution of graphite nies also influence properties, but to a
lesser degree than graphite shape.

A in-depth study of correlation between nodulespshand size and mechanical

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

Fig. 2.5 — Six graphite shape to classify castdroythe 1SO specification

2.1.3 Applications of nodular cast iron

From the year of their invention, 1948, nodulartdasns have registered an

interrupted growth in their production, see Fid. 2.
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This is because no other iron alloy, steel or nadlle iron, can offer the same

economical and mechanical benefits together.

Fig. 2.6 — World production of ductile iron fromet®0'’s, [3]

Nodular cast irons are considerably less expen$iaa cast steels to produce
and only moderately more expensive than gray cassibecause the casting processes
are similar.

Ductile iron castings are used for many structapgdlications, particularly those
requiring strength and toughness combined with gonadhinability. Casting of ductile
iron is like forming with a homogeneous liquid thegn flow smoothly into a wide
variety of thickness, shapes and complex cont@asr#hat shown in Fig. 2.7. One of the
properties unique to ductile iron is the ease @it lieeating, because the free carbon in
the matrix can be redissolved to any requested fevdardness and strength control.

The cast iron pipe industry is the largest useduttile iron (up nearly 44% of
total shipment in the USA, 1995). Practical exarmpee pipes, valves, pumps, and
process equipment. The second largest area of l@uctin consumption is the
automotive/tracking industry (29% in the USA, 199Bgcause of the lower density
(that reduces weight by 10% with respect to stebb, excellent damping properties
given by the graphite content (that provides quigining gears), the low friction

coefficient and the good castability into complémages. Examples of manufact in the
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automotive industry are crankshafts, front wheehdle supports, steering knuckles,
disk brake calipers, gears, engine connecting ratler arms, power transmission

yokes, wheel hubs, high temperature applicationtuitvo housing and manifolds, [4].

Fig. 2.7 — An automotive application: a steeringdile of front suspension (4.7 kg) in
ASTM A536 65-45-12

Other important applications areas for ductile irmomponents include the
papermaking machinery (rolls, dies), farm equipmeoer 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 omoechanics of multiphase
materials has been traced. Some micromechanicaklmgdapproaches have been
exposed, and basic analytical theory of the eldséibavior of composite materials
recalled. The topic of this section is the microhsdcal modeling activity referred to
the nodular cast iron material system, which can vilmved as a multiphase,

microstructured material as pointed out in the jnew section. The constitution, the



Chapter 2 Micromechanical Modeling of Nodular Cash 40

behavior and the obtainable information are hidtigd, beginning from the simplest
axisymmetric unit cell up to the models based @olked microstructure.

The use of the micromechanics approach has beesmdixyg in recent years
because it is a suitable tool to correlate or tettie constitutive laws and failure of
ductile materials with complex microstructures, Isas porous materials and particle
reinforced metal matrix composites, starting frone tresponse of the constituent
materials. Many early works in micromechanical mimdefocused on voids within a
solid matrix, as in the scheme of Fig. 2.8. Mc@ek [5] considered the evolution of a
single cylindrical void in an infinite matrix sulgeed to axisymmetric loading at the
remote boundary; Gurson, [6], theoretically derivedlastic potential function for
porous materials based on a spherical cell modehotng a spherical void; Tvergaard
and Needleman, [7, 8], used cell models to studgt flow localization and extended
the range of applicability of the so-called GTN rabtb ductile damage and failure;
adopting an axisymmetric unit cell, Brocks et arifred the effect of stress triaxiality
ratio on voids growth in ductile materials with féifent constitutive models for the
matrix, [9]. Kim et al. studied the effects of Sseriaxiality and initial porosity on void
growth and coalescence, with a unit cell modelirea comparison with the Gurson-
Tvergaard constitutive relation, [10]; they fourtht the cell triaxiality ratio cannot
uniquely describe the effect of stress triaxialdg void growth and coalescence,
because multiple stress states, that give differexroscopic stress-strain response, can
result in the same triaxiality ratio.

Fig. 2.8 — Scheme of a structure modeled by aaatitwith a void, [11]
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The assumption of uniform void size and spacing. @ rectangular array of
cells) of the previous studies ignores the effé¢latd void interaction or different void
sizes can play on stress-strain response or orpléstic flow and damage in the
material. To take into account these effects, amotimit cell model that contains two
voids with different geometries has been proposetheé technical literature, see Fig
2.9. The material structure again is reproducedaasecurrent stack of hexagons
(cylinders for the calculation) in the space, blis ttime small and large cavities
alternate. At the same void volume fraction ofragke void cell, some secondary effect
can be expected. In [11] a three-dimensional sedli$o introduced, of the type of Fig.
2.10; a comparison between the ductile fracturediptien by a single void
axisymmetric cell, a dual void cell, and the 3D mlog then conducted. The void size
and volume fraction, and the spacing effect arevshio play an important role, and the
cell model containing two voids of different size found to produce very different
results for void growth in volume and in the intdran effect. This effect results larger
for an axisymmetric cell model than for the 3D erbidel of Fig. 2.10.

Fig. 2.9 — Geometry of unit cell containing two @®iwith different size, [11]

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

small voids with large voids to determine whethenot local stress increases, induced
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by the large void, result in cavitation instabildt/the tiny void, [12]. He has shown that
for overall stress levels as large as those reaceshd of a blunting crack tip,
cavitation instability does not form at the smadids due to the interaction with the
large void. On the other hand, the results show lttalization of plastic flow in the
unit cell plays an important role on the mechanieaponse.

Another application of a dual-void unit cell in gonction with the finite
element method is found in a recent work by Al-Adiband Nemes, [13], on the
prediction of the stress-strain response of a ghake steel. In the idealized material
structure the hard phase (martensite) is assuméed io the shape of dispersed small
and large particles into the ductile matrix (fexyilThe martensite particles display two
distinct deformation mechanisms, depending on tbiei, and this explains the dual-
void cell adoption. The deformation mechanism igl&d varying the volume fraction
of the second phase, and the ratio between snllaage particles. It is demonstrated
that this micromechanical model is able to repredtlte steep rise in the strain-
hardening rate observed in dual-phase steels,capeedict the mechanisms involved in

the deformation process in agreement with experiai@iservations.

Fig. 2.10 — A 3D unit cell, cut between voids (artrles) of different size, [11]
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The nodular cast iron material system well suitthoscheme of repetitive unit
cells, because graphite nodules embedded in tmeutematrix are quite uniformly
distributed, compare Fig. 2.11. The idea is not,nemit cell calculations applied to
ductile iron can be found in the literature. Elastiodulus of ferritic cast iron and its
dependence on graphite content and form was exdmmgl4, 15]. The simple unit
cell model developed in [14] was used to deterntineedecrease in Young's modulus
with increasing content of graphite and the rolea@dule deviation from the spheroidal
form. A more complex approach to determine the chpa the elastic modulus of other
forms of graphite inclusions in a ferritic castrirovas developed in [15]. The graphite
phase was assumed to be given by a set of equalpmdy oriented, rotationally
symmetric ellipsoidal inclusions. The adopted selfisistent one-particle 3D unit cell
model consisted of a cube containing an inner grapéllipsoid surrounded by a
concentric a Fe-2.5% Si matrix, while the remainmtume of the cube was filled with
a suitable cast iron compound. The computationslilt® compared satisfactorily to

both experiments and a theoretical model.

(@) (b)

Fig. 2.11 — (a) real structure of nodular cast mad (b) modeling by axisymmetric cell

The elasto-plastic response and ductile failurenadular cast iron has been
extensively studied at the micromechanical scale, The applicability of the GTN
model and of the unit cell model to the descriptadrthe mechanical response up to
failure of ferritic ductile iron was studied in [48®]. The unit cell method was used to

obtain the material parameters of GTN model forodufar cast iron but when actual
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tensile tests on smooth and notched specimens swema@lated the results were not
completely successful, apparently for the largeiva fraction of this material, [16].

It's worth to notice that all the unit-cell modadirstudies of the mechanical
behavior of nodular cast iron here recalled, careid the case of a unique phase — the
ferrite — in the matrix; the attention has beerufad above all on the void effect on the
mechanical behavior, and on the voids growth, raida, and mutual interaction when
the damage mechanism in a ductile material is amdlyMoreover, in general, a diffuse

lack of experimental data good for comparisonstsanoticed.
2.2.2 Material model for the constituents

There are three constituent materials in the modalssymmetric cells or
microstructure based models, see section 2.3) idescin the following, namely
graphite, ferrite and pearlite. The graphite cancbasidered isotropic and perfectly
elastic with a symmetric Young's modulus (in temsend compression) € 15 GPa
and a Poisson ratio= 0.3. The matrix constituents, ferrite and pearl#re assumed to
be described by th&-flow theory of plasticity with isotropic hardeniraand von Mises
yield condition. It is well known that ferrite idharacterized by high ductility and low
rupture strength while, in contrast, pearlite ekkiba high ultimate strength and
hardening coefficient and a limited elongationaalufre. The uniaxial behavior of ferrite
and pearlite is here modeled as an elastic-plaRémberg-Osgood-type material,

following the deformation plasticity model, [20#h the form:

5| "

Ee=s+as —
SO

(2.1)

wheres ande are the uniaxial stress and strain of each mawoinstituent, E is the
Young's modulus of elasticity (defined as the slopehe stress-strain curve at zero
stress) s is the tensile flow stress aadthe yield offset (whes = sg, e = (1+ a)/E)
and n is the strain hardening exponent for thetiplawnlinear term. When n = 1 the

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

approaching or exceedirsg, [20].

Tab. 2.1 — Assumed nonlinear plasticity model patans of matrix constituents

Constituent
material

ferrite 209 0.3 427 20.2 0.97892:
pearlite 209 0.3 552 5.4 0.75724¢

E(GPa) n so(MPa)

The material parameters of the two constituentduding the Poisson’s ratio,
assumed in this study are listed in Table 2.1. @hmwameters are chosen to fit data
from literature, [21], relative to the mechanicabperties of 3.0% Si-ferrite in the cast
condition 6, = 521MPags, = 427MPa, A= 11%), and of normalized pearlite with
2.5% Si 6, = 918MPaso = 552MPa, A= 3.6%). An explicative graphical view of the
stress-strain behavior of the two phases is gindfig. 2.12, in which the tensile curves
are artificially stopped at the maximum elongatikbrtan be noticed the deep difference

between the phases of the hardening behavior ipl#stic regime.
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Fig. 2.12 — Stress-strain behavior of ferrite aadrfite used in the modeling
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2.2.3 Single-void unit cell

The novelty of the work here presented is the giteof extending the
applicability of the unit cell modeling approach ttee description of the constitutive
response of nodular cast iron with a mixed ferggarlitic matrix, i.e. a dual-phase
porous material, see Fig. 2.11. The main concetimeisnodeling of the constitutive law,
with respect to the analysis of the effect of somierostructural features, such as
ferrite/pearlite ratio of the matrix and graphitelume fraction, on the mechanical
performance.

In the present work it is assumed that this mesochaeical level is suitable for
describing the constitutive response of ferritiefiic nodular cast irons, starting from
the volume fraction of graphite and the ferriteptearlite ratio in the matrix. Therefore a
unit cell model, the material models for the cdmsitte materials and the basic
computational issues are here presented.

To simplify model development, the microstructure nmdular cast iron is
assumed to be periodic and the unit cells to barsguunits of equal size with a
graphite nodule at their centers, which are furtie approximated by circular
cylinders to allow simple axisymmetric calculatipnsompare [18]. The simple
axisymmetric unit cell as a representative volurfeanent (RVE) on the mesoscale
dimension is shown in Fig. 2.13. The macroscaleffactive material behavior is then
obtained from this model with a homogenization reghe, see Chapter 1.

Details of the axisymmetric unit cell mainly usedtihe analysis are depicted in
Fig. 2.13. Only one quarter of the radial crosgieacof the unit cell is modeled, with
four-node axisymmetric finite elements. The celld®bis characterized by a graphite
nodule located at its centre and by a concentrnigtdecapsule surrounding it. The
graphite volume fractionys is defined with respect to the total unit cell volk

according to

2R, (2.2)

Yo TR

where R is the graphite nodule radiusg Bnd Ly 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 ceih a single graphite particle

The matrix, that is the remaining volume after agahg the graphite nodule, is made of
ferrite and pearlite. WhendX R: < Ry, the ferrite volume fractionyr in the matrix is

readily determined by the equation

D

(1' J/G) RoLo
where R is the radius of the ferrite capsule. In the cas® < R- < (2 R, (i.e. the
diagonal of the unit cell), a simple formula foetferrite volume fraction in the matrix
is not available, although the ferrite volume fratis readily determined from the solid
model. Finally, as the pearlite fills the remainw@ume of the matrix, see Fig. 2.12, its

volume fractionyp is simply
Ve=1l-y . (2.4)
With reference to the coordinate system of Fig32ta investigate its mechanical

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

application of a homogeneous displacementto the G, boundary while the axial
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degrees of freedom of the bottom side nodes areresged. The nodule-to-matrix
interface is modeled as a unilateral contact alibvegboundary surfac& while the
ferrite-to-pearlite interface is infinitely stronghe radial displacement of the boundary
& in Fig. 2.13 is kept homogeneous by constraintdtmms to enforce periodic
compatibility. Since one of the aims of the presgtaty was the direct comparison of
the model predictions with experimental stresshstreurves, see Chapter 4, the
definitions of engineering stress and strain welepéed. Furthermore, the evolution of
parameters relevant to damage modeling, such a$ woiume fraction, was not

determined. The mesoscopic principal strainith i = 1, 2, 3, are given by:

(2.5)

where r is the current value of the outer radius of thdoweed unit cell. The
corresponding mesoscopic principal stre%esS; andS; are computed integrating the

reaction forces1; andsyy, at the unit cell boundaries, nam@yandG; in Fig. 2.13:

S1=83= 510G Sy, = s,0G (2.6)
G G

The Lagrangian formulation of the field equatiorsswused and the finite element
calculations were performed using a multi-purpasgec [20].

The axisymmetric unit cell shown in Fig. 2.13 iss@sated to a squared
arrangement of cells with graphite particles (oidsd equally spaced in both 1 and 2
direction, where the load’s direction is parallelthe symmetry line of the cells (i.e.
along direction 1 or direction 2). It's importat tinderline that the dRy ratio (height
on radius) in such a unit cell, univocally defilbe spatial arrangement of the nodules.
If this ratio is varied, different voids patternnche obtained, as the scheme in Fig. 2.14
shows. The unit cell of Fig. 2.13 belongs to thetsk (b), where Ry = 1. The other
configurations, which are expected to change thehan@cal response of the modeled
material, have been also investigated with unit EEl models. These are depicted in
Fig. 2.14 as hatching rectangles; note the charaspgct ratio of their geometry from
horizontal to vertical strip.
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Fig. 2.14 — Scheme of voids pattern for multipyRp ratio in the unit cell definition
(Lo and R are defined in Fig. 2.13, the arrows indicateltiael direction)

Alternative cell arrangements, such as cubic pwaitind cubic body-centered
could also be used, see Fig. 2.10. They requireuieeof 3D solid finite elements

which are computationally more demanding than efisymmetric finite elements

@) (b)

Fig. 2.15 — 3D unit cells for ductile iron with (&l ferritic and (b) 21% ferritic matrix

To verify the impact of the assumed cell arrangdmancomparison of the
axisymmetric cell model with equivalent cell modelstained for the cubic primitive
cell arrangement is introduced, considering boéhdhise of fully ferritic matrix and the
case of a matrix with 21% of ferrite in volume fii@o. The 3D cells are depicted in

Fig. 2.15: here 8-nodes linear bricks are usedfamde and pearlite in model (b) have
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coincident nodes at the interface. As for the arisetric cell the load is a vertical
force applied to a master node which enforceshallupper nodes in its displacement;

boundary conditions of symmetry are applied toftee faces.

2.2.3.1 Results of calculations: the nodule modelin

With the above introduced unit cell model, the uefice of i) the presence of
graphite nodule in the model, ii) the presenceroingtial residual stress system, iii) the
unit cell arrangement selected on the predictedsttative behavior have been
examined. In a first set of finite element calcgias a constant volume fraction of
graphite (i.eyc = 8.3%) was assumed.

First, the role played by the presence of a graphitdule in the model on the
resulting constitutive response was investigatée. interface between graphite nodule
and ferrite is known to be weak providing no remfament effect on material response,
[14, 16]. On the other hand, the nodule could feterwith the matrix especially with
the cavity shrinkage in the direction transversethte load when the cell model is

subjected to low stress triaxialities.
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Fig. 2.16 — Influence of the presence of a grapiiidule and of the residual stresses

due to material cooling on computed stress-stramags for a full ferritic matrix
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To investigate this aspect, graphite was modelddahear elastic material and a
unilateral contact condition o0&, of Fig. 2.13 prevented matrix/nodule interpenétrat
and development of normal tensile stresses atntiegface. The computed stress-strain
(i.e. So- E,) curves for the axisymmetric unit cell with andhaut a graphite nodule are
presented in Fig. 2.16 with A letter, and are peadlyy undistinguishable. Therefore, the
use of the computationally less demanding modehout nodule in the cavity is
suggested by the result. To discuss the second, ifisat is the relevance to the model
of residual stresses due to material solidificatifter casting, it has to be reminded that
graphite and the ferrous matrix are characterizgddifferent thermal dilatation
coefficients. Therefore, tensile residual stresmesexpected to develop in the matrix
and compression in the graphite. To model compnatiy this phenomenon a stress-
free temperature has to be assumed along to theetatare-dependence of the thermal
dilatation coefficients of ferrite and graphite. dsp computational solution of the
thermo-structural problem associated to the coopngcess to room temperature, a
residual stress and strain field is determined, ige 2.17. Ref. [22] shows that the
present FE model including the graphite nodule @amassumed stress-free temperature
of 900°C resulted in a 9.4 % reduction in Young'sdulus (i.e. 154.5 GPa vs. 170.7
GPa). The effect of that computed residual strgstes on the unit cell constitutive
response (i.eS,- E;) is shown in Fig. 2.16 and it demonstrated thdy dhe initial
response is affected. Therefore, to avoid the duction of additional modeling
variables (i.e. assumed stress-free temperatuextomple) the influence of the residual

stresses is not considered in the rest of thecetlitnodeling approaches.
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Fig. 2.17 — Contours of computed residual equivaiegrmal stress and plastic strain.
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Third, the present axisymmetric unit cell obtaineg considering a squared
arrangement of cells is compared to the cubic pinmiand cubic body-centered cell
arrangements shown in Fig. 2.15. The computedsssteain curves obtained with two
axisymmetric unit cell models having 100% ferritedlaa 21% volume fraction of ferrite
in the matrix, respectively, are shown in Fig. 2Ib8the same Fig. 2.18, the response of
two equivalent three-dimensional models of a regualaic-primitive arrangement of
nodules is introduced. For the fully ferritic ma#éthere are no significant differences
between axisymmetric and 3D FE models. In the oafee ferritic-pearlitic matrix, the
behavior of the three models is again quite simd#though the 3D models are
apparently less stiff than the axisymmetric mod®netheless, the limited difference

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

Fig. 2.18 — Simulated-e curves for a full ferritic and a ferritic/peartitmatrix. In

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

2.2.3.2 Effect of graphite volume fraction

The content of graphite is expected to affect fhstie properties of nodular cast
iron because of its low Young’s modulus comparedh® ferrous matrix. Strength is
also affected as nodules represent a system obrdieaities in the matrix. Carbon

content of cast iron is normally in the 3-5% ranged the graphite volume fraction of
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practical interest has also a limited range (ugdatim 7% to 15%). Five values ¢fc
in the unit cell model were thus investigated, nigme3%, 5%, 8.3%, 10%, 15%. The
obtained simulated tensile curves are given in Eij9; a decrement in the mechanical

performance is evident when graphite volume fracinecreases.
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Fig. 2.19 — Tensile curves at different graphittuaee fractions, simulated by the

axisymmetric model of a full ferritic nodular casin

The dependence of the elastic modulus and yieddsifat 0.2% plastic strain) as
a function of the graphite volume fraction obtaineth the present model, deduced by
the tensile curves of Fig. 2.19, is reassumed gn?R20. The model correctly predicts a
decrease in elastic modulus and yield strength witreasing graphite volume fraction.
The trend of the elastic modulus is linear in adeoce with the results of the
application of the rule-of-mixture and is close ttee application of the Hashin-
Strickman (H-S) estimate reported in [14]. The presunit cell predicts a slightly lower
elastic modulus than the others theoretical moderls shows a better correlation with
experimental data (see Chapter 4). The dependdnite gield stress on the graphite
volume fraction obtained by the present model &te).2% strain) is also shown in Fig.
2.20. As the elastic properties, it is a decreafingtion of the graphite content.

It is concluded that the influence of the grapkiddume fraction on the elastic
modulus and yield strength of nodular cast irontfie present case a fully ferritic
matrix ductile iron) is correctly determined withetpresent unit cell model.
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Fig. 2.20 — The dependence on graphite volumeidracf elastic modulus and yield

stress in nodular cast iron, as predicted by tih®yemetric cell

2.2.3.3 Effect of matrix microstructure

The characterizing feature of this study is theafsthe cell modeling approach to
predict the behavior of nodular cast iron as a tioncof the ferrite-to-pearlite ratio in
the matrix. In section 2.2.2 ferrite and pearlingtituents have been modeled with
quite different mechanical behaviors, thereforedbmposite cell model should capture
the progressive change observed when going fromha ferritic to a fully pearlitic
matrix. Here, the presented modeling activity cdesgd a representative, fixed value of
the graphite volume fraction (i.¢c = 8.3 %) and varied the volume fraction of ferrite
of the matrixyr from 0% to 100% in eight configurations, as shawnhe scheme at
the bottom of Fig. 2.21. The associated pearliteinde fraction can be obtained with
eg. (2.4). The stress-strain curves @&£.E) obtained with the systematic study by unit
cell model with the eight ferrite contents are shoim Fig. 2.21. As expected, a
decrease in mechanical strength and hardeningnespaith increasing ferrite content
in the matrix is determined. The curves of Fig.12a?e interrupted at 5% strain when

the elastic-plastic response is stabilized.
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Fig. 2.21 — Effect of ferrite-to-pearlite ratiotine matrix on thes-e tensile curves; in

the scheme on the bottom ferrite is gray, peaslaek

The von Mises stress distribution of five seleateadels is shown in Fig. 2.22.
The maximum stress level is the same in all stneeggs. Inspection of Fig. 2.22 shows
nodule cavity elongation in the loading (i.e. veat) direction, the stress discontinuity

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

Fig. 2.22 - Von Mises stress distribution in urgtlenodels of constant graphite content

and different ferrite volume fractions.
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Plastic deformation initiates in the ferrite phasweloping the graphite nodule.
With increasing load, stresses redistribute anchdrigstresses develop in pearlite.
Therefore, material failure will be the result of@mpetition between ductile and brittle
mechanisms active in ferrite and pearlite.

The conclusion of this subsection is that the mfice of the ferrite/pearlite ratio
in the matrix of nodular cast iron on the yield arimate strength of nodular cast iron

is reasonably predicted by the present axisymmetriccell model.
2.2.3 Dual-void unit cell

An improved unit cell model can be constructedvaleate the interaction effect
of two unequal-sized nodules. If we look at theesol of Fig. 2.23, the main idea of a
dual-size void cell is readily defined. The nodutast iron microstructure is now

idealized as a periodic array of alternating, elgusdaced, graphite nodules.

(@) (b)

Fig. 2.23 — Modeling the nodular cast iron systenabal size void unit cells

The minimum RVE that repeated equal to itself ie #pace reproduces the
material structure, has now to embed two cavithggain, as in the scheme of Fig.
2.11(b), symmetry considerations make it possilide consider only a quarter
axisymmetric, bi-dimensional FE model. On the oaacdthe idealized microstructure
is not realistic, because two voids sizes canngrodtice the variety of real

microstructure (even if statistical considerati@msvoids size distribution can justify
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this simplification when two peaks of probabilityeafound); on the other hand the
effect of different graphite nodule sizes and tfieat of their mutual interaction on the
plastic flow in the matrix can be studied, and #uwvantage of a more refined model
with respect to the previous one can be estimated.

To reproduce the real material, the graphite na&(le. spherical voids, see the
discussion in the next sections) are surroundedepyte, while pearlite fills the
remaining volume as shown in the detailed modeFigf 2.24. The graphite cavities
have initial radii R, and R;,, respectively and the ferrite envelope &1d R.. The cell
is a cylinder of radius Rand height H. For the calculus of graphite and ferrite volume
fractions equations (2.2) and (2.3) still holdthié model is thought as the stack of two
single-void axisymmetric cells. The model is mesheth four-node axisymmetric

finite elements and suitable boundary conditiorfsree periodicity.

Fig. 2.24 — Dual-void unit cell definition

The interaction between unequal graphite nodulek the effect on the cell
behavior of different percentage of ferrite andrfieain the matrix can be with this
modeling approach systematically investigated. ijm B.25 four finite element dual-
void models with a fully ferritic matrix are showwith the same intent that motivated

the models in Fig. 2.14, they are characterizedifigrent Rs1/Rg: ratio. This type of
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analysis also allows the estimation of the effdstamlules spacing in vertical (i.e. along
direction 2 of Fig. 2.24) and horizontal directipre. direction 1) on the elastic-plastic
model response. In fact if we think to keep a camisglobal graphite volume fraction,
enlarging one void and reducing the other theickgpis automatically changed.

(@) Re/Rg2= 4 (b) Re/Re2=2.5 | (c) Re/Re2=1.5 (d) Re/Re2=1

Fig. 2.25 — Dual-size voids unit cells for varides/Rg: ratios (see Fig. 2.17)

For comparison and validation purpose, two 3D m®#eth equivalent graphite
volume fractions have been developed, see Fig.. 2Rk linear elements and
tetragonal stress-constant elements have beenrusieel modeling of 1/8 of a full cell,
as the scheme in Fig. 2.10 reports. This is themum microstructure-representing
volume.

The mechanical behavior is quantified in all thieaduced FE models in terms
of stress-strain curve, by applying a uniform esien in the axial (vertical) direction
on the boundary nodes, more precisely onaaternode that drags all the others thanks
to a specifiequationcommand, [20]. The resulting average so-calledoswspic stress
in the cell (see also Chapter 1), is then foundpbindividing the reaction force at the
nodes by the initial cross sectional area. Appedpriboundary conditions must be
applied to the cells to enforce periodic compatipilthe bottom nodes in both
axisymmetric and 3D cells are constrained along \hdical direction, while the
external boundary faces are assumed to remainlglatal themselves during the
deformation process. From the technical point efwithis is assured by linking each

other the degrees of freedom of boundary nodesadéguate (linear) relations.
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Fig. 2.26 — Three-dimensional dual void unit cédisnodular cast iron with (a) full

ferritic matrix and (b) 21% ferritic matrix

Results of the calculations are summarized in Big7, in which the static

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

cells: ina) the comparison between different Rs1/Rg; ratio, in b)

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

increasing = Rs1/Rg2 ratio (for the definition see Fig. 2.25) is fouiod z exceeding 2;



Chapter 2 Micromechanical Modeling of Nodular Cash 60

therefore the dual-void model predicts that a rédocof the transverse spacing of
nodules with respect to the load axis makes theemahtresponse less stiff. A total
superposition of thes-e curves with the single-void cell is naturally fauwhen the
dual-void cell shows a unitaryddRg: ratio. In Fig. 2.27(b) the comparison with the
single-void axisymmetric cell is made for threefeliént microstructures, characterized
by variable ferrite and graphite volume fractionstihe matrix. It can be noticed the
coincidence of the tensile curves. The conclussothat the dual-void cell behaves in
the same way of the single voided cell on the negws scale.

Even if the mesoscopic stiffness has been demadedtta be is in practice the
same, looking at the stress distribution at theresicale, some differences can be found
when the cells are compared with the same streds, see Fig. 2.28. In the dual-void
cell the ferritic phase in the cell must be disitdd around two nodules; with the need
of keeping an equal ferrite content in the celg thrrite radius encapsulating the voids
differs from the single-void case. This causesvamgification in the stress distribution
inside the ferrite. Therefore the dual-void axisyetnit cell model can be a suitable tool

for the study of damage initiation and competitimtween the voids in the material.

Fig. 2.28 — Von Mises stress contours in single double void axisymmetric cell

2.2.4 Staggered array of single-void unit cells

Between the micromechanical modeling approachesodular cast iron, an

axisymmetric unit cell of ataggeredarray of nodules has been considered too. This
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type of unit cell was previously used for the studythe micromechanics of particle-

toughened polymers by Socrate and Boyce [23] antiZika et al. [24]. By means of

appropriate boundary conditions, this time the R¥Rresent to a body centered te-
tragonal stacking of particles.
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Fig. 2.29 — (a) Scheme of staggered array of nedaled (b) unit cell definition, [24]

Looking at the scheme of stacking array in Figlg}, this in practice means to
move a vertical row of nodules of a quantity eqoahe half of the nodules spacing. A
schematic representation of the staggered amaghown in 2.29, together with the
minimum unit cell or RVE. To fulfill the periodigit the RVE must be subjected to anti-
symmetry conditions along the outer radius, whiarenintroduced by Tvergaard [12].
The finite element mesh of axisymmetric staggeredieh with a fully ferritic matrix
and void volume fractionyf= 0.15 is visualized in Fig. 2.30, where the grephodule
as usual is considered a void. The axis of rotatiegmmetry, as well as the loading
direction, is vertical.

The anti-symmetry is expressed with respect to tpbinaxial compatibility
along the radial boundarys&is written as

u, (A1) +u,(h) =uy, (2.7)

The total cross-sectional area of neighboring d¢slisssumed to remain constant

along the axial coordinate:
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2 2 2
Rytu(h) "+ Ry+u(h,) =2 Ry+ul, (2.8)
Symmetry conditions along the right and left bouretaare written as

|, =u

o 2|C3 and U2|G45=“2|c5 (2.9)

respectively. Since the axis of rotational symmetoyncides with boundarg,, the

following condition is imposedt12|G =0 to avoid rigid motion. Little orange arrows in

Fig. 2.30 represent the constraints on the nodésese boundaries.

U,

Fig. 2.30 — Unit cell model of a staggered arragaiities (deformed configuration)

The cell is loaded with an imposed tisplacement on the master nodg Eg.
2.30 shows the deformed configuration of the celB% of mesoscopic strain, with

magnification factor 4. The “S” shape @f; boundary derives from eq. (2.8).
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The predicted stress-strain behavior by the stagenodel is shown in the
following Fig. 2.31, together with the tensile betwa of the squared array. It shows a
minor stiffness, due to the voids disposition tatently weakens the matrix because
an interaction effect. Axisymmetric unit cell moagl approach is then influenced by
the disposition and the location of extraction frtiva idealized microstructure.

400
300 — -
<
o
>3 Squared cells array
o 200
n
o
n Staggered cells array
100 —

| | | | |
0
0.000 0.005 0.010 0.015 0.020 0.025 0.030

Strain (mm/mm)

Fig. 2.31 — Comparison of the mechanical behaviegoared and staggered cells

array, at the same ferrite and graphite volumeitrac

2.3 Microstructure-based models
2.3.1 Window models

In Chapter 1 window models have been described a&gomechanical
mesoscopic models based on resolved microstructuseful to obtain rigorous
estimates on the mechanical response of an inhamogs material, on the basis of
volume elements that are too small to be proper RVE

Micromechanical modeling of nodular cast iron byhdow approach has been
based on experimentally obtained phase distributomixed pearlitic/ferritic ductile
iron (melt E6 of Tab. 3.2) has been chosen andyaatimage of randomly selected
local microstructure acquired at the optical micoysy.



Chapter 2 Micromechanical Modeling of Nodular Cash 64

Fig. 2.32 — The strategy followed for the windowdwrbof real microstructure: from

local micrograph to the plain strain finite elemerddel via digital acquisition
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The profile of all microstructural objects is thémllowed picked points are
imported in a FE commercial software to generatdilps and surfaces to mesh. These
steps are shown in Fig. 2.32. The obtained FE mouoiadists of about 45000 nodes and
44000 mixed four and three node plain strain elémekcontact condition between the
graphite nodules and their encapsulating cavisedeifined, with no allowable inter-
penetration between the coupling surfaces. Thewiggtow model is then subjected to
uniform traction by a determined displacement atlibundaries. Two loading direction
can be chosen to study the isotropy of the seletsdwindow. By comparing the
mechanical behavior of each loading condition, radication on the model capacity to
represent the entire microstructure is given tbthe stress-strain response is differs so
much, it can be that the window dimensions aretdichiln the left schema) of Fig.
2.33 the model is strained along direction 1 byasipg U displacement to all the
nodes on bounda ; displacements along 1 plus 2 and along 1 diractoe
constrained on Cand G nodes respectively. Similarly, in the schemén Fig. 2.33 the
window is loaded in direction 2 and constrainedhat nodes €and G placed on the

bottom boundary.

C " G @
8> > + L +
G
—» I—’1
®C1 a) & C: b) C, é

Fig. 2.33 — Scheme of window model loading alonmgations 1 and 2

With a window model based on the material micragtre, realistic stress and
microfield can be simulated. In Fig. 2.34 the maxm principal stress and the
maximum principal strain distributions in the armdg microstructure are shown. The
window is deformed at 5% along the horizontal dimetg as the scheme of Fig. 2.33a)
indicates, and along the vertical direction, corepBig. 2.33b). Graphite nodules are
not shown for clarity. A marked heterogeneity ia 8tress and strain distribution can be

noticed; the nodules cavities behave as voids iogoatinuum, originating stress
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concentrations at the boundaries perpendiculahe¢ddad direction. Stress is negative
(compression) around the nodules on the faceslplatalthe load axis. Tension in the
matrix is non-uniform, specifically at the transitizones between the phases. Note that
the same material, looking at its tensile curveh%tof deformation show a tension of
about 600 MPa, while peaks in the maps of Fig. 263¢h 990 MPa. It’'s interesting to
notice that the highest levels of tension are foumthe hard phase (pearlite), compare
Fig. 2.33. This is because the pearlite shows hehipardening exponent in the stress-

strain behavior, and at the same strain levelashiag higher stresses than the ferrite.

Fig. 2.34 — Maximum principal stresses and strdiagibution in the window model at

5% of deformation along direction 1 and 2

The strain distribution shows an interesting aspect i.e. the appearance of
strain concentration bands joining some voids e, at 45° degrees with respect to
the loading axis in the first case and transveisdhe loading axis in the second one,
see Fig. 2.34 bottom. These bands, in which therdeftion goes up to 14%, are

determined by favorably aligned cavities and indigaossible fracture initiation sites.
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Looking at the schema&) in Fig. 2.33 the strain localization bands aregthon a large
ferrite area with “Y” shape which contains a langember of aligned nodules that
reduce the structure ligament.

It is known that because the different thermal espan coefficient between iron
and graphite, during the solidification of ductiten a residual stress field around the
nodules is generated. A smaller window test “cutinf a corner of the window model
in Fig. 2.32, has been implemented for the simoitadf the cooling down process of
the casted melt of iron. This smaller window tefsthe microstructure is shown in Fig.
2.35. The study of the amount of residual stressése matrix and of their effect on the

mechanical simulated tensile behavior has beenumed.

U,

Fig. 2.35 — A smaller window model is applied tmslation of the cooling down

process in ductile iron

In the FE code the thermal expansion coefficienirai is implemented as an
increasing function of the temperature. A coolingivd process is simulated from
900°C to 25°C, and the resulting residual thermah \Wises stress is shown in Fig.
2.36 left. It can be noticed a stress concentragimund the nodules, especially at the
sharpest edges, where a meaningful amount of gieeibn occurs, see Fig. 2.36 right
in which the equivalent plastic strain distributisrmapped.

In a subsequent step of the calculation, thedigplacement shown in Fig. 2.35
is applied to the right boundary of the model téod® the microstructure up to 11%. A
map of the equivalent stress and plastic strairesed at 5%of external deformation is
shown in Fig. 2.36 left and Fig. 2.36 right respeddy. Results are similar to the
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previous set, but now the stress peak inside the plzase is more evident. Moreover,
debonding of larger particles appears in the lomdction. Again the formation of

plastic bands between neighbor nodules is evident.

Fig. 2.36 — Thermal residual stresses and plagtiovalent strain after cooling down

The effect of the presence of the nodules in thdatiing is analyzed too. If on
one hand the modeling of graphite nodules is necgsghen the cooling down process
is taken into account (otherwise the matrix uneiahlly expands filling the voids), on
the other hand the interface mechanical strengthtla® same graphite strength of one
order of magnitude smaller than the iron one, ddoniag a considerable contribution to
carry the external load; in addition the complexfythe FE calculation involving the

contact in elasto-plastic conditions is getting muwre time-consuming.

Fig. 2.37 — Equivalent stress and plastic straBfatof deformation
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Results of the window modeling approach to noda&st iron are summarized
in Fig. 2.38, where a comparison between tengisststrain curves is reported. There
are few differences in the behavior of the largémdew model deformed along two
perpendicular directions: this means that the dsienof the window is large enough
to average all the local effects. This is not tierethe small cut window, i.e. the model
of Fig. 2.35. Its tensile behavior shows much mooenpliance with respect to the
bigger window, compare the curve with square sysibéin explanation to this
behavior can be given considering the effectivesphavolume fraction of the two
models: in the large window of Fig. 2.33 we find%Jerrite, 37% pearlite, 9%
graphite; in the smaller window model of Fig. 2tB& volume fractions are 76% ferrite,
24% pearlite, 13% graphite. Elastic modulus is aigote different (173GPa vs.
134GPa). When the cooling of the melt i.e. thedwesi stresses are included into the
simulation, a considerably stiffer behavior is fdusee the dashed curve in Fig. 2.38.
This is because of the plasticization of the mathat is subjected to compression
tensions around the nodules after cooling. A défifiethardening behavior (with a lower
hardening exponent) is also found in the plastigne. However the effect of thermal
residual stress is probably overestimated, becaosietailed information are available
on the effective elastic properties of the meltageigh temperature, and a constant

Young’'s modulus is a strong hypothesis.
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Fig. 2.38 — Simulated tensile curves of window mimgeon ductile iron
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2.3.2 Embedding models

An embedding modeling approach to nodular cast iras been attempted to
create more realistic boundaries on the previousddaw model. This last offers the
advantage of reproducing the stress and strainofietnls of the real microstructure
with a relatively small request of calculus resesicbut the imposed boundary
conditions are not periodic as requested when vieeadl structure is represented by a
micro-volume. Embedding model here proposed, see FEi39, uses the previous
window model as a highly detailed cotec@l heterogeneous regiprembedded in an
outer region (in light blue in Fig. 2.39) that sesvymainly for transmitting the applied
external load without perturb the local microfieltherefore the outer region must have
adequate dimensions. In the model in Fig. 2.3%thbedding region has been created
multiply by 5 times the external dimensions of thierostructural window; about 7300
elements have been added to the mesh (not showtafdy) of Fig. 2.35.

EMBEDDING
MATERIAL

e

CORE

Fig. 2.39 — A 51300 elements embedding model ofifamdtast iron microstructure

A material description must be chosen for the otggron that is compatible to

the smeared-out behavior of the core; the apprbacd used ascribes to the effective



Chapter 2 Micromechanical Modeling of Nodular Gash 71

behavior of the surrounding medium the homogenimedhanical response of the core,
i.e. the stress-strain behavior of Fig. 2.38 aldirgction 1. If the effective material
behavior is not knowm priori, a strategy with this type of models is to adoeH-
consistent approach which determines the effechighavior via iteration, see for
example [25].

The embedded window is loaded by a homogeneous sipplied to the outer
boundaries in horizontal direction equal to 7%, le/t@ippropriate boundary conditions
are applied. This time we are not so much intedegieghe mechanical response of the
model (that is in practice coincident with the mediresponse...), rather than in the
study of the mechanics of microstructure local defttion. A result of the calculation
in terms of plastic strain magnitude distributisrshown in Fig. 2.40. The formation of

plastic bands with strains up to 23% appears madeet than in the previous schemes.

Fig. 2.40 — Plastic strain distribution into thelsrdding microstructure model

2.3.3 Use of periodic BCs on window models

Periodic boundary conditions (BCs) on window modese been introduced in
the section 1.3.2 of Chapter 1. This modeling appinohas been described as a useful
tool to study the stress and strain fields at therastructural level of inhomogeneous
materials under the action of far field mechanloads, without loss of information or
generality. An attempt of this type has been madehoee window plane strain FE

models of three respective nodular cast iron reaflostructures, differing in graphite
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volume fraction and in matrix structure. The peieig assumption requires full
compatibility of each opposite boundary pair of tm®del. With reference to the
window model in Fig. 2.41, the corresponding kinéosaand natural boundary links
[26] for related points on opposite boundariesgiven by:

u - = - u
Gy C, Go Cy (210)
u -ul =u -u
Gy Cy Gy C, (211)
s =smx
Gy Gy (2.13)
s =sx
Gy G (214)

whereU is the vector of displacement;(w,) and" denotes the outward normal on the
boundary. A tensile loading condition in 1-directi¢gsee Fig. 2.41) is prescribed to
deform the window. Furthermore, rotations are pnése by the following condition for

the vertices ¢and G:

U,|. = u2|c2 (2.15)

o

Fig. 2.41 — Scheme of the window model with pegdatbundary conditions
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The relative displacements of, @re unspecified and follow from the analysis, veasr

the displacements ofs@re tied to the other vertices:

(2.16).

C,

A local digital analysis of the three considered&mwstructure has revealed the
effective volume fractions of graphite, as usuatlgdeled as voids in the matrix, and of

the ferritic and pearlitic phases.

Fig. 2.42 — Window models of local nodular cashimicrostructures of Tab. 2.2

Data are reported in the following Tab. 2.2; thapdite volume fraction is
nearly constant, while a good variety of matrixusture has been selected.
Corresponding window models are depicted in Fig22.

The arrangement of the window model with periodi€sBis depicted in Fig.
2.43: the use of periodic boundary conditions an RVE reproduces a microstructure

in which the deformation of each window is acconmeday the neighbour window.

Tab. 2.2 — Microstructure composition of the windmwdels

Model Number of we% we% W%
elements

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 resp® neighbouring RVEs in a

deformed state

The material of the constituents is modeled as@e&. 2.2 indicates, i.e. by an
elastic-plastic Ramberg-Osgood type model. A tensidding condition in direction 1
is imposed on the windows by a 3% mesoscopic honeges strain. Calculation is
conducted with ABAQUS commercial software.

In Fig. 2.44 the Von Mises stress contours are shomdeformed configuration
with constant deformation scale factor 3. Note fefect periodicity at opposite
boundaries, in the displacements and in the sgesse The deformation is strongly
localized in a specific path joining three big 4&gckes aligned cavities into the model
1, which is characterized by a homogeneous madtririodel 2 a stress concentration is
noticed into a narrow pearlitic ligament, whichdwggs two ferritic areas. Window
model number 3 shows high heterogeneity into tresstcontour; nonetheless it's worth
to underline the fact thddull's eyeferrite around the nodules is subjected to a pearl
uniform stress. The stress microfield into the [@aphase is highly disturbed by the
presence of different size nodules.

The prominent feature of this approach can be rduesition from the medium
with a periodic microstructure to an equivalent logeneous continuum, which
effectively represents the material. An attemptafdeling the constitutive law of the
bulk material is shown in Fig. 2.45, in which theess-strain curves obtained from the
window models with periodic BCs up to 3% of defotima are plotted.

A comparison with the relative response of equinial@é.e. with the same

graphite volume fraction and matrix structure) gimetric unit cells indicates in all
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cases a higher, nearly constant, compliance ofwimlow models. This aspect,
common to the micromechanical models based on neafostructure, can be
understood when severe discontinuities in the phasangement and strain

localizations into well defined paths are accourfited

Fig. 2.44 — Contours of von Mises equivalent stieghe window models with periodic

BCs; from 1 to 3 the microstructures contain insieg pearlite content

It's worth to note that the use of plain strainnedémts in window-type models
has a strong effect on their stress-strain response
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Fig. 2.45 — Stress-strain curves of periodic windoadels 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 rarcal characterization of a set
of twelve nodular cast irons are presented. Thévevmeltages have been casted and
analyzed by the colleagues from the Department atekials Engineering at University
of Zilina, Slovakia, in the framework of a coopévaton computational modeling of the
mechanical response of materials with heterogenemisrostructures. A deep
microstructural analysis of the same cast iror@)ddrd hardness and impact toughness
measures have been already conducted.

The experimental activity carried out on these maein the framework of this
dissertation comprised: 1) metallographic chara&aédon, 2) tensile tests and 3)

damage visualization in deformed microstructures.
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Tensile tests on these twelve nodular cast irorre warried out in order to have
a reference mechanical characterization to be diggdg model development.

The aim of the modeling activity was to identifyethrole of several
microstructural features, such as i) ferrite andriite volume fraction in the metal
matrix of the material, ii) graphite volume fractiaii) nodules density and shape, on
the mechanical response of nodular cast iron. Toere a metallographic
characterization of material sections via digitainenercial software and a direct
comparison with the results obtained by traditiosé&reological methods. More
information on the metallographic preparation oftahespecimens are reported in
Appendix B.

Finally to determine the strain field distributiand the damage mechanisms at
the microstructural level, a three points bendest methodology has been set up and
applied to selected nodular cast irons.

The experimental activities reported here have baenthe basis of the
micromechanical modeling activity presented in @eapter 2, and discussed in the

following Chapter 4.

3.2 Materials

Twelve melts of nodular cast irons were producedthet Department of
Materials Engineering of Zilina, Slovakia, givingwéide variety of microstructures.
Their chemical composition in weight % is reporiadiab. 3.1, [1]. The ductile cast
irons had different charge compositions, type oflifier, inoculation and additives: an
initial D in the reference number identifies metith FeSi addition while an initial E is
associated to a SiC addition, casted at about 1380-°C. Carbon content is in the
meltages nearly constant around 3.7%, and so #xedFSi content. In the last column
the carbon equivalent CE is reported,; it indicéites all ductile irons are hypereutectic.

Fig. 3.1 shows some selected microstructures,of@fined after polishing and
then etched by Nital 3%. The 100x magnificatiothis same for all micrographs. They
demonstrate different ferrite (white areas) to |kea(dark areas) ratios of the matrix,
and graphite nodules varying in humber (more hetéemore the number of small

nodules), quality (smoothly round rather than inddhpand size.
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A deeper inspection of the microstructures in Hdl shows that the ferrite
phase always surrounds the graphite nodules, witdependence from the ferrite
volume fraction. When ferrite volume fraction isMosee for example Fig. 34d) and
3.1 1), the typical “bull’'s eye” structure given by a figg layer concentric with the
graphite nodule is obtained. On the other hand,nthe content of ferrite is higher,
free ferrite islands (“chunk ferrite” in the cageaonon mixed matrix) contain more than
one graphite nodule, see for example Fig.&3.and 3.1e), while pearlite occupies the

remaining material volume.

Tab. 3.1 — Chemical composition (weight %) of twvelve meltages, [1]

Meltage C Mn Si P S Cr Cu \Y[o] CE

D1 3.73 0.3 2.8 0.069 0.016 0.02 = 0.042 4.69
D2 369 03 28 0.075 0.016 0.04 - 0.05 4.65
D3 3.62 046 2.8 0.07 0.012 0.03 0.037 0.05 4.58
D4 366 034 295 0.08 0.016 0.04 0.26 0.051 4.67

El 3.71 0.28 2.85 0.063 0.010 0.04 - 0.046 4.68
E2 3.69 0.26 295 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 369 026 3.1 0.066 0.010 0.04 - 0.045 4.75
ES 3.69 0.26 3.10 0.063 0.010 0.04C - 0.046 4.74
E6 3.68 0.28 2.85 0.064 0.012 0.03 - 0.047 4.65

E7 3.73 0.24 293 0.068 0.010 0.04 0.58 0.073 4.73
ES8 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 microimaaical approach, nodular cast
iron shows the nature of a composite, multi-phasé&rogeneous material. Two phases
having strongly different mechanical response arell wdistinguished when the
microstructure is correctly etched; depending anrtative volume fractions, pearlite
and ferrite are in the three-dimensional materitducture well separated or
interpenetrating each other, making really comglex load transfer. Because of the
very low strength of graphite particles, nodulastdeon owns also the characteristics of

a porous material, in which size, shape and spadfitige cavities have a wide variety.
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a) D3 b) D4
) E2 d) E5
e) E 4 f) ES

Fig. 3.1 — Froma) to f) some of the microstructures of Tab. 3.1 (Nital 3%0)x)

82
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Voids and their mutual interaction in the matrixurally affect the mechanical
behavior, in a way that can not be simply elucidatden a deep investigation and an

“ad hoc” microstructure design are requested.

3.3 Microstructure characterization and mecharstraingth

3.3.1 Microstructure analysis

As mentioned in the second chapter, the strengtiodiilar cast irons depends
above all on the constitution of the metal matilx,2]. Moreover the quantity (volume
fraction), size and shape of graphite nodules alayeaningful role.

Control of the chemical composition of the melt amidthe casting process
makes it possible to obtain a fully ferritic mateitucture characterized by ductility up
to 25% and a mechanical strength similar to lowboarsteel. At the opposite, a fully
pearlitic matrix can give a tensile strength up8@0 MPa but with low impact
toughness and ductility. In technical applicaticmsnatrix with both ferrite and pearlite
with intermediate mechanical properties is oftammfw, [3, 4]. The metallographic study
of the microstructure is then an essential tookféully understanding of its bi-univocal
relation with the mechanical behavior.

The microstructures of the available set of nodgkast irons were studied at
University of Zilina using a NEOPHOT 32 metalloghégp microscope, on the basis of
the classical quantitative stereology. According Slovak standard, the following

parameters were quantified:

1. volume fraction of graphitgs
nodule count (number of nodules perHm

3. spherical quality of graphite nodules, with t@nvention of grade | = flake
graphite, grade VI = round shape nodules

4. size of nodules, which goes from 1 to 10 in oafedecreasing size

5. percentage of ferrite phage in the matrix, the rest being pearljte.
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The main results of the experimental activity anensarized in Tab. 3.2, [2].
Volume fractions of graphite and ferrite in the matvere successively calculated by
the digital analysis of metallographic sectionshwitommercial software. The table
actually reports these results, while a direct camspn of the two methods,
stereological and computerized, is shown in Fig. 8.good agreement is found.

Ferrite volume fraction of in the matrix goes frd.3% to 93.5%, i.e. from a
nearly fully pearlitic to a fully ferritic structer The mean volume fraction of graphite
in the microstructure is around 12%, going fromo916%, depending of the ferrite
content, compare Fig. 3.3. The resulting regressfgre vs. y s data is fairly linear and
shows a tendency of increasing by the graphitegoeage with the ferrite content in the
matrix. The graphite in the analyzed ductile iragsmostly in the shape of regular
nodules, because only a small amount of nodules eagular shape, from 10 to 30%
of the total.

Tab. 3.2 — Microstructural features and mecharpoaperties of cast irons of Tab. 3.1

ML Graphite form N, Yo Jr HB

\[o}

(mm? (%) (%) (GPa (MPa) (MPa) (%) (Jcm?)

D1 90%VI6+10%V: 113 152 79.7 154 350 508 16 16 20t
D2 70%VI5+30%Ve 100 13.1 65.€ 139 395 600 5 16 20%
D3 70%VI6+30%V: 119 12.€ 73.7 108 286 550 10 49 181
D4 80%VI5+20%Ve 83 10.4 26.5 145 410 617 8 11  24¢
El 80%VI7T+20%V: 131 12.1 72.€ 191 401 556 16 69 174
E2 90%VI7+10%V: 160 9.4 58.2 157 403 575 13 38 194
E3 80%VI6+20%V: 121 13.€ 704 171 302 556 15 51 17C
E4 70%VI6+30%Ve 117 12.2 55.6 188 350 506 4 6 21€
E5 80%VI7+20%V: 174 15.C 935 162 350 535 15 90 17¢
E6 90%VI7+10%V¢ 196 13.1 85.6 150 385 610 13 75 174
E7 90%VI5+10%Veé 92 9.1 195 151 450 690 4 14 201
E8 70%VI5+30%V: 96 9.8 152 172 465 742 5 11 221

Nodule counting in Tab. 3.2 goes from 83 to 196 ubesl per squared
millimeter, giving a wide variety of nodules sizedause of the nearly constant carbon

content in the meltages. Looking at the ferriteteahvs. nodule count plot, Fig. 3.2, a
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drop in the fitting curve is found for the very lok@rrite content, indicating that in
pearlitic nodular cast iron we can expect big gi@hodules in a low number. The

same tendency is found to be if the impact toughr€SO0 is plotted vs. the ferrite
content, compare Fig. 3.4, [2].
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Fig. 3.2 — Relation between nodule count and fepércentage in the matrix
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Fig. 3.3 — Relation between graphite percentagdemitie content in the matrix
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The results of standard tensile test, impact toagimon unnotched specimens and
Brinell hardness tests are also given in Tab. Behsile tests were conducted in the
laboratory of the University of Parma, the othgpemmental activity was performed by
the slovak colleagues. These results are here tezband briefly discussed for

completeness and clarity’s sake.

3.3.2 Hardness and impact toughness

Hardness is apparently influenced by nodule coumdr€asing nodule count
implies decreasing hardness) and ferrite contentrdasing ferrite percentage implies
decreasing hardness). Impact toughness of nodalstr imn instead increases with
ferrite volume fraction, although the aforementidnanfluence of nodule count
(increasing nodule count implies increasing imgaaghness), [2, 5]. Both mechanical
properties are not significantly affected by thecpatage of perfectly rounded particles,

at least up a certain degree when nodule shapenascimo distorted.

Fig. 3.4 — The role of percentage of ferrite onacttoughness and hardness, [2]

Trend lines are introduced in the plot of Fig. 8adws that an increase in ferrite
percentage yields an expected reduction in hardbessalso a highly beneficial

improvement in impact strength, although only abd0&6, [2].
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3.3.3 Tensile behavior

Monotonic tensile test have been conducted fothalltwelve meltages in Tab.
3.1. Each specimen was machined from the unusedasth samples for the Charpy
impact test (i.e. from squared prism 55x10x10 maitfy the shape of the sketch in Fig.
3.5. Although the rectangular cross section agteethe ASTM E8 norm [6], the
specimen geometry is different than required bydtamdard. Tensile tests have been
made on a MTS 810 servo-hydraulic machine, witbresstant deformation rate equal to
8:10° mm/s. A 10 mm strain gage was applied in corredpooe of the calibrated
length Ly = 15 mm.

Results of the tensile test on the nodular cassiere reported in Fig. 3.6, where
the nominal stress = F/A; vs. the straire = L'/L is plotted. In addition a full pearlite

and full ferrite spheroidal cast irons are reparted

55 1C

R10

B AL —

T ) ) ) T 1C
T Y SR

15

Fig. 3.5 — Geometry of the tensile test specimenedsions in mm

From the analysis of alk{e ) tensile curves, elastic modulus (E), yield stthng
at 0.2% of residual strairs §), ultimate strengths(,) and elongation to failure gAhave
been calculated, see Tab. 3.2. The examined duatifes show a wide variety of
ultimate strength values and, above all, of elaogatp failure, i.e. ductility. The yield
strength goes from 286 MPa of D3 melt (10% dugjilto 465 MPa of E8 melt (5%
ductility); ultimate strength goes from 508 MPaldf cast iron (A= 16%), to 742 MPa
for E8 (A = 5%). The influence of the matrix microstructorethe constitutive laws of
the nodular cast iron can be then quantified: anesing (decreasing) volume fraction
of pearlite (ferrite) in the matrix is found to mle@se (decrease) the ultimate strength,

and reduce (raise) elongation to failure aocordance to data from literature, for



Chapter 3 Microstructure and Mechanical Behavidloflular Cast Iron 88

example [1]. When the percentage of ferrite is lsinsee for example metages D2 and
El), a decrease in size of graphite particles andh@ease of nodule count results in a
decrease is, and an increase of elongation to failure.

Large particles and small nodule count along witmall percentage of ferrite
result in low elongation to rupture and a highmtéte strength, as in the case of E7
meltage. When EG6 cast iron is considered, hightéecontent and count number, and
small particles result in high ductility and reddcstrength. Furthermore, irregular
nodule surfaces tends to decrease the mechaniogenes, as confirmed when

comparing the stress-strain curves of melts E1R#hh Fig. 3.6.
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Fig. 3.6 — Tensile curves of the nodular cast ir@hnab. 3.2

The impact of matrix structure and graphite contamistrength of nodular cast
iron appears very clearly in Fig. 3.7(a) and 3.7i{fp)which yield and ultimate strength

are plotted. Both an increase in ferrite and inpgre volume fractions bring to the
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decreasing of mechanical resistance. Figure 3.%slioe elongation to failure vs. the
ferrite volume fraction; in agreement with the imptoughness, compare Fig. 3.4, it is
an ascending function. Since graphite nodules eacobsidered as voids in the matrix,
it has a significant effect on elastic modulus &aisson ratio too. The elastic modulus

of ductile iron is about 10-1% lower than that of steels, [3].
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Fig. 3.7(a) - The role of ferrite on yield andrig. 3.7(b) — The role of graphite content on

ultimate strength yield and ultimate strength
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Fig. 3.8 — The role of ferrite on elongation tddee (i.e. ductility)

This trend is with good agreement confirmed from ¢tbnducted analysis, being
the elastic modulus a decreasing function of thieime fraction of graphite, even if

other parameters linked to the shape of nodulas, @lrole on the elastic behavior. In
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fact by the other hand, the Young's modulus sigaifily increases as the shape of
graphite changes from semi-spheroidal to perfedulas, at the same volume fraction

of graphite, [3].

3.3.4 Secondary microstructural parameters

A deeper study of the role of the microstructuretlte mechanical behavior has
focused the attention on the characteristics of/thés in the available ductile irons, i.e.
of the graphite nodules. A set of three cast iramh high (93.5%), intermediate
(55.6%), and low (15.3%) ferrite content in the nxatwith reference to Tab. 3.2 the
meltages E5, E4 and E8, has been analyzed, se8.Eigrhe shape quality of nodules
and the intra-nodule spacing have been taken iotoumt as parameters of interest.
Data acquisition has been made by the digital amalgf metallographic sections; a
statistical elaboration has followed.

The Area-Perimeter definition of shape factokp,f a graphite nodule was
used, [7]:

4p-A
S, = ﬁz (3.1).
E5
E4
E8

Fig. 3.9 — Probability distribution of the shapetta S
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The shape factor can only range between 0 (fareadhape object) and 1 (for a perfect
circle). The statistical distribution of the shafpetor in the three microstructures, are
depicted in Fig. 3.9. Peaks in probability of S determined at 0.95, 0.85 and 0.8 for
materials E5, E4 and E8 respectively; these vabtoedirm the good quality of the
nodules, compare Tab. 3.2. Secondary peaks arel fulower S values (i.e. 0.6). The
shape factor of graphite nodules is known to affeth elastic modulus and strength of
the nodular cast iron, [1, 8].
The nodule spacing has been also analyzed by threduction of two

parameters, the mean free patéind the center-to-center distascelrhe mean free path

is defined as the average uninterrupted distaat@den all possible pairs of particles
in a micrograph, as shown in the scheme of Fig),&é&e also [9]. It does not depend on
the particles size, shape or distribution, andegent studies it has been demonstrated to
correlate with strength measurements of structtgedorced by discrete second-phase

particles, [10].

Fig. 3.10 — A nodular cast iron microstructure simgaall possible free paths between

particles

Two methods to determine the mean free pathpkeal and presented here: in
the first method, based on a variation of Gensamethod, the mean free patg is
automatically calculated after a digital analysis micrographs with commercial
software. The second method is a mathematical astim of | with the Fullman’s

stereological equation, [11]:
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(3.2)

where \{ is the volume fraction of the nodules, i.e. (Amfanodules/Area of frame),

and N is the (particles intercept/unit length) ratioatetined by superposition of a grid
on the micrograph. The center-to-center distasmctkes into account the distance
between the centers of all possible particles.alt be estimated with the following

equation, [11]:

s=— (3.3)

The results for the three nodular cast irons E5akd E8 are summarized in
Tab. 3.3. Microstructure E5 has the shortest meae path and center-to-center
distance between nodules, microstructure E8 thgelst microstructure E4 shows a
mean value. It means that an increasing ferriteectinin the matrix promotes a higher
nodule count of small, narrow-spaced nodules. Ableeicalculation approachekg, in
all cases is longer thdn:, although the material ranking is the same. Téwtear-to-

center distancs, as expected, is always larger than Heihand! .

Tab. 3.3 — Mean free path and center-to-centeeletsed nodular cast iron

Melt wr (%)

(mm) | (mm)

E5 935 0.082 011 0.14
E4 556 0132 019 0.22

E8 15.3 0.235 033 0.37
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3.4 Damage mechanism and strain localization inul@@ctast iron

3.4.1 Overview

Damage initiation and failure of multi-phase matisriis governed by the
inhomogeneous nature of stress and strain distisit that depends on the
microstructure. The elastic-plastic behavior, tb&ume fraction and phase arrangement
of the constituents play a fundamental role omtiiromechanism of damage initiation
and propagation in the material. Eldoky and Voliif,[13] studied the fracture process
of ductile iron, operating in situ observationgte scanning electronic microscopy on
loaded specimens. They showed that the initiatrmh growth of cracks in nodular cast
iron generally begins with the separation betweedutar graphite and matrix, which
take place under low stress; plastic deformatiomatrix around nodules then appears,
followed by the initiation of microcracks in defoeth matrix between nodular graphite.
As next step the linkage of graphite cavities bgmotracks up to the formation of
larger microcracks occurs, until the linkage of marack and selected microcracks
don’t form macrocracks that brings to the collapsig. 3.11 shows an in-situ SEM
observation of the process in a full-ferritic diectiron loaded at 5% of external strain,

[14] (direction of load is horizontal).

Fig. 3.11 — Damage in a full ferritic eutectic caeh [14]
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The image can show what is happening in a 2D dirnenenly and not in the
bulk material, but marked cracks along favoritg@ments of nodules dispositions are
visible.

Guo and Lu [15]Jalso observed similar fracture mechanism in péauditictile
iron with chunkferrite. Chunk ferrite undergoes larger deformatioan pearlite before
breaking and effectively retards the growth of the&rocracks. The retardation is
strengthened with increase of ferrite. They fouhdt tin comparison witloull's eye

ferrite, the chunk ferrite can make the growthrafc& undergo more deflection.

3.4.2 Failure mechanism

Dual microstructure around nodular graphite makes initiation of cracks
between graphite and matrix more difficult and cerpgo understand. Kone4 et al.,
[16], have conducted impact test on notched anatgched specimens of nodular cast
iron with ferrite-pearlite microstructures, demaasing that ductile irons with mixed

matrix have a complex response, compare Fig. 3.12.

Fig. 3.12 — Notch toughness and impact toughnessdiilar cast iron, [16]

The unnotched impact toughness (i.e. KC0O) shows &d@% increase in ferrite
content results in an increase in KCO from 20 3/an80 J/cri, while the presence of a
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notch (i.e. KCV) makes the toughness less sensitivilie ferrite volume fraction: in
other words the dominating failure mechanism chamigfe matrix microstructure.

With the aim of a deeper comprehension of the mimeezhanisms of failure in
mixed-matrix ductile irons, the same authors hawelied the fracture surfaces after
impact loading, [2 ,16]. Two interesting selectathges taken at the scanning electron
microscope are here reported in Fig. 3.13.

A cast iron having 19.5% of ferrite and an impamighness KCO = 14 J/ém
Fig. 3.13(a), can show a transcrystalline contisudeavage through the ferrite capsule
surrounding the nodule, even if typically ferritgl$ with a ductile mechanism; on the
other hand, a cast iron having 85.8% of ferrite andimpact toughness KCO = 75
Jicnf, can evidence extensive cavitation around the hitmpnodules, plastic
deformation of the matrix between nodules, but dcaystalline ductile fracture of
pearlite, with fine dimples in the necked regiong.F3.13(b). Fracture micro-
mechanisms of each phase, which have been foumel &b opposite nature for an effect
of strain constriction, are then dependent alsmftioe morphology and the arrangement

of the phases themselves.

Fig. 3.13(a) — SEM micrographs of E7  Fig. 3.13(b) — SEM micrographs of E6
fracture surface fracture surface

3.4.3 Strain localization

Localization and evolution of strain due to meclkahioading in nodular cast

irons having different ferrite/pearlite matrix sttures have been studied with the aim of
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looking at the damage initiation sites and micronaisms in a heterogeneous
structure. The following experimental approach whbvised: prismatic sample is

machined for each selected ductile iron, and tlttim” surfaces polished and etched.
The specimen is then subjected, in a servo-hydrde$iting machine, to a three-point
bend loading condition, as showed in the schemiéigf3.14, up to the plastic range,
before unloading. In such a scheme of load the mgntleus the stress and the strain,
have a linear trend with the maximum on the symyngiaine.

To investigate the strain distribution and the m@amage features in the

microstructure, different locations (five in total; a distance of 1.5mm one from the
other) on the polished surface were selected sgaftiom the symmetry axis, and

magnified digital images were acquired, before aftér loading, at each location,
compare Fig. 3.15.

Fig. 3.14 — 3 point bending loading scheme on snpeaitic specimen

Associated to specifieexterna] homogeneous strain levels (that naturally
depends on the distance from the symmetry plane)a lsareful observation at the
optical microscope the typical phenomena of strmicalization and micro-fields
inhomogeneity appear.

In Fig. 3.15 the undeformed and the correspondefgrched microstructure at
the midpoint of an E6 nodular cast iron specimeshiswed; the loading direction is
horizontal, the applied macroscopic strain in ghisnt is 12%. Initiation of damage
occurs at the matrix/nodule interface already under strain (about 2.5%), when
debonding (point A) starts. This underlines thatieely weak strength at the interface.
Most evident plastic deformation concentrates anfdrritic phase around the particles,
where diffused plastic slip bands appear (B), pedmailar to the loading direction.
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Larger or irregular graphite nodules cause morersestrain localization and slip bands
in the surrounding ferrite. Progressively the vaijdsw along the loading direction, and
initiation and growth of microcracks develops ire tiferrite over the slip bands,
evidently because the hard phase carrying the hoakes the ferrite areas to slip each
other. The closer voids are linked by microcraghksmoting the formation of bridging
larger cracks (C). Linkage of these cracks formsmaacks crossing also the second
phase. This matrix shearing mechanism is expedieete the ferrite areas are larger
and contain a large number of aligned nodules. termal cracking of the nodules is

observed at any strain level.

Fig. 3.15 — The microstructure of a ferritic/petlductile iron, in the a) undeformed

configuration, b) deformed configuration (arrowdigate loading direction)
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To quantify the heterogeneity of the strain figitbi the microstructure, a direct
comparison of the measured strains between chasasy™ reference points (generally
particles are taken as markers) with a companioitefielement (FE) model has been
made. The constitutive law of the model was thecifipepoint-by-point stress-strain
curve of the nodular cast iron, and ABAQUS comnadraioftware was chosen. A
typical deformed FE model of the bar bent in thespt range is shown in Fig. 3.16,
where the plastic strain is mapped (note a maximmesidual strain of 3.4%). The
relative computed residual strain distribution ba bower surface of a bend bar is given
in Fig. 3.17, in which a comparison between expental and computed strains is

attempted.
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Fig. 3.16 — Deformed specimen and  Fig. 3.17 — Computed vs. experimental
computed residual strains residual strains

A normalized distance is introduced, defined as th&#o between current
distance and maximum distance from the midpointylmch moment and strain reach
the highest amount. At three locations of the ndized distance, several experimental
strain measurements were obtained; all data aveekeatthe max. (square symbols) and
min. (triangles) values indicated in Fig. 3.17c#in be observed that scatter of data is
high, and that strains are not monotonically desirgpwith the normalized distance.
Compared with a homogeneous equivalent (in termmaexthanical response) material,

experimental data straddle the computed residtahst here denoted by FEM.
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The strain field in a material with a heterogenesingcture as nodular cast iron
with mixed ferrite/pearlite matrix results highlphomogeneous. If weak and hard
phases or geometrical discontinuities are preseniny the current case, strain localizes
in weak phase or around the discontinuities, anchiasurement strongly depends from
the point in which the analysis is made. It's waxhnotice that the macroscopic, well
known, externally imposed strain level is not afisignt information to quantify the
local strain and stress levels inside the micrastme. In the case of dual-phase ductile
irons, we can experimentally find local strains attidtimes greater than the predicted if
a uniform homogeneous material under the sameisoaonsidered. The cause of strain
localization and disuniformity are microstructuependent, and involves, in the case of
ductile iron, the nodules cavities and the presesfcevo 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 finiteneent modeling results with
experimental data on nodular cast iron is presemte@hapter 2 some micromechanical
models of i) periodic porous microstructure andré@olved “window” microstructure
have been introduced. In the first case the attesnjot reproduce the material in a very
simple, schematic way; the phases volume fractamesequivalent only at the meso-
scale, not locally. This means to ascribe somegstigs deduced from the analysis of a
quite large window of the real microstructure, tenaall volume (the elementary cell) in
which the calculation is conducted. Different agament of the voids in the idealized
microstructure can be considered, and this affinetgglobal (or, better, the mesoscale)
elasto-plastic behavior of the composite. Peritgliaf the cell is obtained via
appropriate boundary conditions at its bounds;ettoee the problem is relative to the

solution of stress and strain fields into thesenoisu The meso-mechanical behavior is
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then of interest, once the behavior of each phaskefined. In the present work it has
been showed that the axisymmetric unit cell, frediyedound in the literature especially
applied to the study of damage of ductile materimlsapplicable to the study of the
mechanical behavior of multiphase material, attlefslual-phase ones like the nodular
cast iron. That is the novelty of the present work.

The second group or class of micromechanical modelpproaches presented in
this work is based on the faithful reproductiortieé microstructure in a “cut window”
in which the FE calculation is made. Here the protd concern two aspects: how big
the window must be to average all the local phemameithout loss in definition, and
which is the accuracy we can obtain in predicting mechanical behavior (e.g. the
monotonic tensile curve) via a bi-dimensional modeaitually the finite elements used
in window models are generally of plain-strain typéich corresponds to reproduce a
microstructure where cavities are cylinders, winilethree-dimensional axisymmetric
models cavities are spheres. Different stiffness loa then expected. And it has been
found. A common, critical aspect of the materialdeling at the microscale is the
choice of the constitutive law for each phase weeha the composite. If ever the
macro-behavior of the material is known from medtantesting on samples, the
inverse problem of determining each phase beha&vioot of easy resolution. Suresh et
al. [1, 2], Shan and Gokhale [3] and Pesek etdgl.Have shown how the instrumented
local indentation test can be a useful strategyntow the elasto-plastic properties of a
phase, once the reverse computational modelingeofest is conducted. This means to
assume a model for the material constitutive lamwhich the parameters, obtained via
re-iteration methods, consent to reproduce with laigcuracy the mechanical test.

Data on tensile properties about the phases prasentular cast iron, i.e. ferrite
and pearlite, are few in literature. Ferrite adyued an iron-Silicon alloy (with 3-3.5%
Si), where silicon highly affects the mechanicalgarties. Pearlite is ferrite with fine
lamellar planes of E€ (cementite); its mechanical properties have taicevariability
also. The knowledge of precise elasto-plastic dtutiste behavior of the phases is
requested when the aim of the micromechanical misdible exact reproduction of the
composite behavior. It's not difficult to believéat the most relevant parameter
affecting a micro-mechanical model response isthestconstitutive law of the phases.

In the following a direct comparison of modelingsuéts with the behavior of

three selected nodular cast iron is attempted.r&belts are interesting because of the
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good agreement between simulated and real dataelsethis, they give a direct idea of
the response of each model (axisymmetric or plaéiairstype) and of the kind of
information and utility they provide. The advantagend the limitations of such a
modeling activity are finally drawn.

4.2 Experimental evidence on selected cast iromasiictures

Results of the experimental characterization of timécrostructural and
mechanical properties of twelve different nodulastciron microstructures have been
reported in Chapter 3. In the framework of microhratdcal modeling, their utility was
to obtain reference data for model assessment.eTtygical microstructures with
decreasing ferrite content are here consideredlireat comparison with computational
results, see Fig. 4.1. A decreasing volume fractanferrite characterizes the
microstructures from a) to c); results of the métroctural analysis and of mechanical
testing are indicated in Tab. 4.1, which is anamttof Tab. 3.2.

Fig. 4.1 —Microstructures of nodular cast iron vatdecreasing
content of ferrite in the matrix a) 94%, b) 55% 186

Tab. 4.1 — Microstructural features and mecharpoaperties of cast irons of Fig. 4.1

el Graphite form N, Yo yr HB

No. (mm?) (%) (%)
E4 70%VI6+30%Vé 117 12.2 55.€ 188 350 506 4 6 21€

E5 80%VI7+20%V: 174 15.C 93.£ 162 350 535 15 90 1v¢
E8 70%VI5S+30%V: 96 9.8 1528 172 465 742 5 11 221
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4.3 Simulation of tensile behavior with micromecicahmodels

The axisymmetric cell model was calibrated to pretlie tensile behavior of the
three nodular cast irons in Tab. 4.1. The direchgarison between unit cell modeling
results and experiments in terms of constitutivesststrain response is reported in Fig.
4.2. Preliminarily it has to be stressed that tasameters of the constitutive materials,
ferrite and pearlite, are difficult to measure ¢anslard specimens and are subject to a
degree of variability. Therefore the following peattre for model assessment was
devised. A unit cell model with a low ferrite contdi.e. yr= 19.5% andyc = 9.1%
following the E7 meltage of Tab. 3.2), was devetbpe impose a close resemblance
between model and material basic microstructureenTthe computed stress-strain

response (i.65,- E») was fitted to the experimental tensile test curve

E8

E4

Fig. 4.2 — Comparison of experimental stress-sttames of nodular cast iron (see
Table 4.1 for details of microstructure) and comgparstress-strain curves obtained

with the axisymmetric unit cell model
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The results of this initial tuning are identifiegt the melt E7 in Fig. 4.2. Other
experimental stress-strain curves for differentitieipearlite ratio of the matrix are also
shown in Fig. 4.2 as continuous lines. Unit celldelopredictions for the same ferrite
and graphite volume fractions are also presentethensame plot and identified by
small open symbols. The comparison of predictecexperimental stress-strain curves
shows that there is an increasing overestimatdefattual material behavior with an
increase in ferrite volume fraction.

The deviation observed here is explained consigehat a high ferrite content
in the matrix may activate other deformation anthdge mechanisms, such as plastic
shear among neighboring nodules, in addition tatatwon around graphite nodules.
Observations of polished and deformed specimensddlar cast iron, [5], showed that
in the case of a high content of ferrite such a&igs. 4.1a and 4.1b, ferrite islands
contain many neighboring graphite nodules. In tase, nodule interaction favors the
development of plastic shear bands. This plastiord&tion is related to a condition of
reduced constraint when compared to the noduletatan implicit in the present
model.

Another source of deviation between prediction arderiments could be the
assumption of uniform nodule size and spacing ef ghesent study. Tvergaard, [6],
using a dual-void axisymmetric cell model with ¢ees of different size demonstrated a
decrease in the hardening response. Kuna and Jushfived that the hexagonal
particles arrangement reproduced by an axisymmaetrit cell gives a lower bound
solution. The same result is obtained with the oeltel of a staggered array of voids,
see section 2.2.4 of Chapter 2. When the simuleesile curve of a squared array is
plotted together with the tensile curve obtaineaira staggered disposition of cavities,
compare Fig. 2.31, the response clearly appeass d88. This confirms that the
staggered disposition of voids facilitates the defation of the structure; it's possible to
conclude that when the matrix of nodular cast ieoim prevalence ferritic, i.e. showing
high ductility and plastic deformation amount unttead, the staggered axisymmetric
cell better predicts and describe the material Wehawhile a squared uniform-spaced
scheme of the voids overestimates the cast irqorss.

In the following Fig. 4.3 the same experimentaltesof Fig. 4.2 are compared

with the tensile curves obtained with the window d®is cut form real the real
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microstructures, in which the periodic boundaryditians are applied, compare section
2.3.3 in Chapter 2.

This time all the model$,-E, responses are much less stiff than the real
material behavior. This fact can be explained & th-dimensional nature of the FE
model is considered. As mentioned, it is expeate@sponse with less stiffness because
the deformation is in the plane less constrictedth®y bulk material. Furthermore a
microstructural analysis on each small window révdarrite volume fractions not
equivalent to the real ones; in particular the petage of ferrite in the matrix are 100%
vs. 93.5 in model 1, 68% vs. of 55.3% in model26% vs. of 15.3 in model 3.
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Fig. 4.3 — Experimental and simulated tensile csioemicrostructures of Fig. 4.1

It's worth to notice that the micromechanical madetoposed, together show a
wide range of tensile behavior, and while the axis\etric cells have the tendency to
overestimate the material response, the window feodeased on resolved
microstructure show less stiffness than the reakilie curves. In conclusion this
indicates that a sort of upper and lower bound$eicted by the use of these micro-

models, staying the experimental behavior in thedhei.
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A final note may be given about the material cdostie law used in the
models; while the assumption of replacing the gitephodules with voids either in
axisymmetric than in window modeling approach setmize realistic and supported by
other studies, i.e. [8, 9], the parameters of theBerg-Osgood type models adopted to
describe the phases present in nodular cast imentaken from the literature, and

subjected to some uncertainty

4.3.1 Elastic properties

In section 2.2.3.2 the analysis of graphite corgezgffect on the tensile behavior
of ductile iron has been presented. The calculatias conducted by the axisymmetric
single-void unit cell approach. The graphite issidared as a void, because it has a low
Young's modulus (from 5 to 15 GPa) with respectthie ferrous matrix, and the
interface bond between the nodule and its encajpsyleavity is relatively weak. This
is confirmed by many experimental observations tbat evidence how particle-matrix
de-cohesion occurs starting from low external stlavel, see for example [8, 10-11].

From the assumption of considering graphite asid ve. the whole material as
a porous media, the elastic properties of ductde result to decrease if the graphite
volume fraction increases. The dependence of @ielmodulus as a function of the
graphite volume fraction obtained with the preséntécromechanical models is given
in Fig 4.3. All the models correctly predict a demse in elastic modulus with increasing
graphite volume fraction. The trend of the elasticdulus is linear in accordance with
the results of the application of the rule-of-mneiu which simply calculates the

effective elastic moduluscof a composite material as

Eetf = (1'yv) Em+ VWEr (4-1)

where E, is the matrix modulus and, Ereinforcement modulus) is zero in porous
media. This simple relation does not take into aot@ny interaction between voids;
therefore it defines the upper bound of any predictmethod. The second stiff
prediction is found when Hashin-Shtrickman estimatapplied, following eq. (1.24);

here the overall constraint tenshg is calculated with the matrix as comparison
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material of elastic modulus,. Mori-Tanaka estimate is conducted applying e®23)
which is relative to a porous material. It defi@e®wer bound.

The axisymmetric unit cell predicts a slightly lawelastic modulus than the
Hashin-Shtrickman estimate while stays over the iMlanaka estimate. Window
models give a variety of results, in particular tsiEfness of the window model
subjected to uniform traction is quite different emhtwo loading directions are
considered, see the square symbols. Instead twadowimodels with different graphite
volume fractions, show nearly the same Young’s megjithis means that local plastic
effects occurring from low strain amount and dusttess concentration around voids
boundary, are correctly predicted.

Experimentally determined Young’s modulus show d@eqlarge scatter, and
points fall over all the theoretic estimates. Th&adscatter is partly due to the method to
measure it (via extensometer), and partly to tfecef graphite nodularity, which is

not included in Fig. 4.3 where the graphite volumagtion is considered only.
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Fig. 4.3 — Elastic modulus prediction by FE micramanical models and analytical

methods, and experimental data of the nodularicas in Tab. 3.2
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It's well known in fact that the elastic propertiescast iron quickly decrease if
the shape of graphite particles goes from spheroadélake, independently from the
graphite volume fraction. Moreover the heterogesewmicrostructure of nodular cast
iron may play a negative effect on local stress strain distributions that in some way
disturbs the experimental measurement.

In conclusion it is not possible to determine thedeling or analytical approach
that among the others better predicts the effeeiastic properties in nodular cast iron.
Axisymmetric unit cell model better reproduce thepected trend, while window
models based on resolved microstructure have ndistinct trend, because their

response is dependent from the specific arrangeaifgftases.

4.3.2 Plastic regime

The characterizing feature of the micromechanicabdeting approaches
presented in Chapter 2 is the prediction of theabin of nodular cast iron as a
function of the ferrite-to-pearlite ratio in the tria. The ferrite and pearlite constituents
have quite different mechanical behaviors, theeefanit cell and window models
should capture the progressive change observed gbieg from a fully ferritic to a
fully pearlitic matrix. The prediction of the yielstress and of ultimate stress, as a
function of the effective ferrite content in the tnrg is presented in Fig. 4.4 in direct
comparison with experimental data. Yield stressesewalculated using the value of the
0.2% offset yield stress. This is obtained fromgtress-strain curve by locating the point
on the strain axis corresponding to 0.002 stragh@mstructing a line through this point
that is parallel to the initial linear portion dfet graph. The intersection of this line with
the stress-strain curve is taken as the yield stréke 0.2% offset yield stress is a
somewhat arbitrary designation of yield, but carinpglemented consistently. Ultimate
strength has been estimated when the plastic regirttes tensile curve was stabilized,
therefore not with a true failure criteria; thenefoeven if the tensile curves go nearly
flat after some percent of strain, the ultimatesdris subjected to some degree of
approximation.

Fig. 4.4 summarizes the results of all micromeatanmnodels; with solid and
dashed lines are reported the yield and the ulémnstiess respectively as predicted by

the axisymmetric unit cell model of squared arrdye trends are in complete
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accordance with experimental data of the twelvet @ams taken from Tab. 3.2,
showing a decrease in the material performance wihererrite content increases. A
very good agreement is found especially in thenate stress trend.

Black circles in Fig. 4.4 indicate the predicteelgi stress by window models
subjected to periodic boundary conditions. Thesatpaonfirm the less stiff material

behavior simulated by this configuration, as mergaabove.
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Fig. 4.4 - Influence of the ferrite volume fraction the yield and ultimate strength of

nodular cast iron, as predicted by the axisymmeimic cell

The same results are found by the large-size winaodels exposed in section
2.3.1, compare the crosshair symbols in Fig. 4l Tfodular cast iron yield stress
predicted by this model loaded along two perperdicdirections are nearly the same,

and lays between the experimental points. A fir@termay be given about the yield
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stress predicted by the axisymmetric cell modetmakkom a staggered array of voids,
with full ferritic matrix. The low value is in lingith the minor stiffness of this model if
compared with the equivalent hexagonal array maated, equals in practice the yield
stress of the window periodic model with full féiei microstructure. It's possible to
conclude that the influence of the ferrite/peanié@g&o in the matrix of nodular cast iron
on the yield and ultimate strength is reasonabégdioted by the axisymmetric unit cell
model of a hexagonal array of voids, while microhmadcal window models

underestimate the mechanical properties of a hgge@enus structure.

4.4 Interpretation of matrix damage initiation

In the analysis of materials with random heterogesemicrostructure the
assumption is often made that material behaviorbearepresented by homogenized or
effective properties. In Chapter 2 a series of dital and computational methods
developed in the last 30 years have been introdtedied with the aim to predict the
effective response of a composite material starfiogn the behavior of its single
constituents, they represent the classical donfaimeamicromechanics.

While the assumption of considering a homogeneoustenal from a
heterogeneous microstructure yields accurate sefuitthe bulk behavior of composite
materials, it ignores the effects of the randomrasttucture. The spatial variations in
these microstructures can focus, initiate and afalocalized plastic behavior (when
at least one phase has an elasto-plastic condtiae)) subsequent damage and failure.
In Chapter 2, section 2.3, a computational methioel window micromechanics model,
was introduced to capture microstructural detad aharacterize the variability of the
local and global elastic response. Digital imagesaterial microstructure described the
microstructure and a local micromechanical analysss used to generate spatially
varying material property fields. The results ofings micromechanics within a
windowing context was assumed to develop a moraistpated set of properties than
straight averaging or a rule-of-mixtures approachlad do. Different techniques were
adopted to define boundary conditions to apply e window micro-fields, and a
comparison has been made. However common strenftiés approach are that the

material property fields can be consistently depetb from digital images of real



Chapter 4 Direct Correlation of Modeling with Exjmeental Results 112

microstructures, they are easy to import into Einglement models using a quick
technique, and their statistical characterizatioas provide the basis for simulations
further characterizing a probabilistic responsebasic attempt of statistical analysis
was made when the response of the microstructuredomi loaded along two

perpendicular directions was determined, compamg BRi34. The same window
micromechanical model was found to show differelatsiic yielding paths creating

during the loading process between the nodulesho@fih these differences, the
uniaxial tensile homogenized behavior doesn’t simlastic yielding and hardening
slope a big scatter, see the plots in Fig. 2.38.

In this section a direct comparison of the modeliagults is conducted with
respect to experimental observations of the damagi@tion micro-mechanism in
nodular cast iron with ferritic/pearlitic mixed mastructure. An attempt is made in
understanding the observed phenomena of yield flovihe heterogeneous matrix,

under the light of the simulated FE stress-stracrafields.

Fig. 4.5 — Plastic yield and damage initiationhat tmicroscale in ferritic/pearlitic

nodular cast iron

In Fig. 4.5 the microstructure of a mixed pearlfgcritic nodular cast iron
subjected to deformation is shown. The strain inepodar-away from the

micrographs of Fig. 4.5 is equal to 5%, the loadingction is horizontal. The signs
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of a large plastic flow appear localized in feritareas around nodules. This
localization of plastic strain brings to plasticnbla formation at void corners,

perpendicularly with respect to the loading axiserothe grain boundaries. Slip
bands run from the nodule cavities toward the ptg@iklands, where they seem to
definitely stop. Favorite nodules arrangements amrow ferrite ligaments in the

microstructure can evidence more marked plastici®an

Micrographs in Fig. 4.5 show a microstructure-dejgen localization of the
strain. It concentrates into the softest phaserat@avities in correspondence of grain
boundaries. The role of the second constituentaripe— is, at the present strain level,
the load transfer between ferritic islands. A higle®amplexity into the micro-
mechanism may be supposed, if the deformation psoieconsidered to happen into
the three-dimensional bulk of material.

Local plastic strain and local stress fields armpuotationally calculated with
the micromechanical window models based on realrostcuctures introduced in
section 2.3.3. The window models with periodic baany conditions are here
considered, because it has been noted that thenpgsas of periodic boundaries on the
window sides fully satisfy the hypothesis of reprgstive volume element of the whole
material. This technique actually represents aroig® micromechanical analysis.

The FE window method qualitatively captures thdas#c behavior, based on a
non-linear flow rule, of the ductile iron microsttures. Computed elasto-plastic strain
distribution confirms that damage initiation anddbzationin nodular iron strongly
depend on microstructure-activated mechanisms,Fsge4.6. In Fig. 4.6 the shear
stress contours into the matrix are illustratedmfrmodel 1 with 100% ferrite to model
3 which reproduces a 19% ferritic matrix ductilenr At the left side of the stress
contour the undeformed scheme of each model is shtmwnderline as reference and
by white-gray coloration the phase constitutiohaf three microstructures. White areas
cover ferrite, gray areas pearlite, the graphitufes are considered as voids.

To have a larger view of the whole microstructimesig. 4.6 the stress contour of
FE models is replicated four times and glued tagyethhis is possible because of the
micro-fields periodicity. The analysis of sheaesses illustrate local effects appearing
in the matrix and connecting voids disposed atwi#li respect to the loading direction.
The pattern of shear stress concentration showddta “weak bands” of the material

arise when the microstructure is loaded.



Chapter 4 Direct Correlation of Modeling with Exjmeental Results 114

Model 3: 100% FERRITE

Model 2: 68% FERRITE

Model 3: 19% FERRITE

Fig. 4.6 — Shear stress contours in three microar@chl window models of

heterogeneous nodular cast iron
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In other words, areas of matrix that fall betwegrsters or chains of voids feel
the greatest effects of the loading. This is peshapst visible in the contour of Fig. 4.6
top, where a fully ferritic nodular cast iron ipreduced. In middle and bottom pictures,
the shear concentration bands are limited to sstopatterns only in the ferritic areas
around nodules. From the point of view of the githrof ductile iron, it is shown that
pearlite plays the important role of interruptiniggtic flow localizations occurring in
the softest constituent and concentrating intocigipé5° degrees bands. This aspect
results in agreement with experimental observaticstrained microstructures.

The micromechanical modeling approach of periodicdaws shows some not
discussed advantages in the deep comprehension iofostnucture-depending
phenomena of heterogeneous materials as the nodasariron. Plastic flow in the
matrix and strain localization, or failure prefetrmitiation sites are well illustrated in

such a model, and are in accordance with the expetal evidence.
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Chapter 5

Conclusions

The micromechanical modeling approach has beeneabia the simulation and
prediction of the mechanical behavior of ferritedplitic nodular cast iron. The nodular
cast iron can be recognized as belonging to theostitictured materials class, because
of its typical heterogeneous nature. At the micopsc nodular cast iron reveals two
matrix constituents - ferrite and pearlite - of plgedifferent mechanical behavior, and
graphite in the shape of spheroids. The role ofresicuctural parameters on the
constitutive law of nodular cast iron can be deteed by the quantitative
metallographic analysis in parallel with standardcimanical characterization. Ferrite-
to-pearlite ratio in the matrix mainly affects thkastic properties of ductile iron, while
graphite quality and volume fraction determine #hastic properties. Microstructural
parameters of “second order”, as the nodules spacan be taken into account too.

The modeling activity here presented can be divided two classes: the

axisymmetric unit cell approach and the microstitetbased window models. In the
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class, a unit cell is ideally extracted from thedbhensional microstructure of nodular
cast iron and the same averaged properties ofmatdrial are then given. The model
has to be thought as three-dimensional becauseés aixial symmetry. This type of
modeling well predicts the variation of stressdistraurve and of elastic modulus of
nodular cast iron as a function of the matrix cibmgson and of the graphite volume
fraction, which is considered as a void in the matA comparison with equivalent
three-dimensional solid cells and the extensioa wual-void axisymmetric cell does
not reveal appreciable differences, while a comaiale loss in stiffness is noted when a
staggered array of nodules is considered. Microeichl modeling of a dual-phase
material by axisymmetric cells shows above all @deantage of simplicity and rapid
FE calculation. When compared to real mechanicabter of nodular cast iron in
terms of stress-strain curve, the axisymmetric agfiroach shows an overestimation of
the material stiffness, i.e. in yield stress amaspt hardening slope. This is explained
considering the unrealistic strain constrictiontthiach a configuration imposes around
the cavity.

The microstructure-based modeling approach giveme of dual information
on the mechanical behavior of heterogeneous mitéri@ompared to the axisymmetric
one. Microstructure-based models have been implardeby automatic meshing of
digital local micrographs of the nodular cast irdarious boundary conditions are in
this case applicable to the obtained FE window. t€ee most rigorous conditions
impose the spatial periodicity at the bounds, tteeeg if the window is not too small, a
very good representation of the real microstructiame be achieved.

Plastic shear bands formation at 45° and local pimema can be visualized and
analyzed with such a type of modeling. The micradtire non-uniformity and the
shape and disposition of voids are shown to playimportant role on the strain
localization in the matrix. This well correlatestlwiexperimental observation of the
micro-mechanism of deformation and damage in nodwdast iron. By the
homogenizating technique a family of stress-st@inves can be obtained from the
window model. Probably because of the bi-dimendiora&ure which leaves more
freedom to deformation, window models show a higbempliance with respect to
experimental tensile test on the same microstractéfso in this aspect the window

modeling approach results of dual nature with resfmethe 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 thrabmponent ferrous alloys,
which solidify with a eutectic. They in general &@n major (iron, C, Si), minor (<
0.1%) and often alloying (> 0.1%) elements, add@dspecific properties as strength,
corrosion and wear resistance, high temperaturkcagipns, [1].

Cast iron can solidify according to the thermodyitatly metastable Fe-E€
system or to the stable iron-graphite system, Kid. In the first case the rich carbon
phase in the eutectic is the iron carbide; whensthble solidification path is followed
the rich carbon phase results graphite. Referorifyé binary Fe-R€ system, cast iron
can be defined as iron-carbon alloys with more 2% C. The formation of stable or
metastable eutectic is a function of the graphitizapotential of the iron, essentially
defined by the nucleation potential of the liquitdathe chemical composition of the
melt. A high graphitization potential brings to nothat solidify following the stable
system and have graphite as the rich carbon plaak®ey graphitization potential will

results in irons with iron carbide.
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Fig. A.1 — lIron-carbon diagram: metastable FecHgsolid curves) and stable iron-

carbon systems (dashed curves), [1]

In the binary iron-carbon system four equilibriuatid phases can be, [2]:
- Ferrite ( -Fe), has a body-center cubic crystal structgrstable 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 strectis stable from
740°C to 1493°C and is a strong, hard and tougseha

- Delta Iron ( -Fe), with a body-center cubic crystal structutepke from 1394
°C to 1538°C

- Graphite (C), shows a layered hexagonal structure with lemtabonding of

atoms in each layer, is soft and low strength.

The formation of graphite in the equilibrium iroarbon system is dependent
upon the diffusion of carbon through the iron mata form the graphite precipitates. If
the cooling rate is fast, then the carbon is nt& &b segregate, and iron carbide ;Fe
forms in place of graphite. This origins the me&bie system, commonly called the
iron-iron carbide system. Thus in FesEesystem we have also the

- Iron Carbide Phase(FeC, commonly called “cementite”), which has a
orthorhombic crystal structure, breaks down to iaml graphite with sufficient
time and temperature, and for practical purposesoissidered stable below

450°C. Cementite is a very hard and brittle phase.
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The possible eutectoid transformations in the garbon binary phase systems
are restricted to the ferrite-graphite eutectoidnsformation, which is extremely
uncommon due to the very slow cooling required, @amdhe ferrite-iron carbide
transformation, that is the predominant eutecta@hgformation. The ferrite-iron
carbide eutectic microstructure is commonly callgpearlite”, characterized by a
lamellar microstructure.

The two basic types of eutectics, the stable aitstgraphite and the metastable
austenite-F¢C, have then wide differences in their mechanicalperties (hardness,
strength, toughness, ductility); the manipulatiéihe type, amount and morphology of
the eutectic is the basic purpose of the metaBtirgvho designs a process that will
produce a specific structure to achieve the desirechanical properties.

The metallurgy of cast iron has many similaritiesthat of steel, but steels,
being generally low the amount of alloying elementn be considered as binary iron-
carbon alloys with structure following the iron-ban diagram of Fig. A.1, while in
common cast irons the appreciable amounts of silincaddition makes them ternary
Fe-C-Si alloys. Thus a Fe-#&Si ternary phase diagram and/or sections of this
diagram, Fig. A.2, are needed to properly prediet phases and microstructures that
form. Silicon is added to cast irons in the rangd % to 4% in order to increase the
amount of under-cooling required for the formatioh cementite and promote the
formation of graphite during solidification. Thenge of silicon added is sufficient that
the iron-carbon binary phase diagram is insufficiém predict the phases and

microstructures that form.
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Fig. A.2 — Section through the FesEeSi ternary equilibrium diagram at 2% Si, [1].

Eutectic and eutectoid temperatures change frogiesialues in binary system
to temperature ranges in the Feg&&i ternary system, and eutectic and eutectoid
points shift to lower carbon content. Moreover@ih strongly reduces the potential for

eutectic carbides during solidification and pronsotiee formation of primary graphite.
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Its addition promotes the precipitation of secogdgmaphite on the primary graphite
during the eutectoid transformation, which resuitdarge areas of ferrite (commonly
called “free ferrite”) around the graphite partglas shown in Fig. A.3. In summary the
addition of silicon to a binary iron-carbon allogateases the stability of #&& which is
already metastable, and increases the stabilitgrate (in other words tha-Fe field is

enlarged and thgFe is constricted).

Fig. A.3 — Si addition promotes free ferrite (initef) in nodular cast iron (etched Nital
3%, 100x)

To take into account the silicon addition to cashj it is convenient to combine

its effect with that of the carbon into a singletta, the carbon equivalent (CE):

CE=%C + %Si (A.1)

which describes how close a given analysis is &b i the eutectic composition. The
alloy is eutectic for CE = 4.3%, hypoeutectic foE € 4.3%, and hypereutectic when
CE > 4.3%. Irons of the same CE value can be obdawith different carbon-silicon

combinations. When appreciable values of phospharaspresent in the iron the P

content is included:

CE=%C + (%Si+ %P) (A.2).



Appendix A 125

A.2 Classification of cast irons

Historically the first classification of cast iromas based on the aspect of its
fracture surfaceswhite iron exhibits a blank crystalline fracture surface lsea
fracture occurs along the iron carbide platgsy iron exhibits a gray fracture surface
because fracture occurs along the graphite plHtd®e$). Nowadays the metallographic
analysis has brought to other classifications baseanicrostructural features as the
graphite shapdlamellar, nodular, vermicular, temper graphitedl gthematrix structure
(ferritic, pearlitic, austenitic, martensitic, bdio). If the microstructure, controlled by
alloying, solidification rates and heat treatméntlassified on the basis of the eutectic
graphite/carbide forms present in the iron, onediatinguish into:

- White Ironsform eutectic cementite during solidification. Tihmicrostructure
is due to fast solidification rates and alloyingttipromotes eutectic carbide
formation. White irons typically have low ductilitthigh hardness and great

wear resistance.

Malleable Irons formed by annealing white irons to transform thatectic

cementite to graphite. They have good ductility aywbd strength, and the
matrix microstructure is dependent upon the coalatg from the graphitization
annealing. Before the discovery of nodular irongjleable irons were the only

ductile class of cast irons.
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- Gray Ironsform graphite flakes during solidification. Themicrostructure is
due to slow solidification rates and silicon alloyi that promotes graphite
formation. Gray irons typically have low ductilignd moderate strength, but

they have high thermal conductivity and excelldbtation damping properties.

- Compacted Graphite Irondorm graphite particles with a shape between
graphite flakes of gray cast iron and graphite heslof nodular cast iron;
properties are between those of gray and nodulstricans also. Compacted
graphite irons require very tight control of thedotarizing alloying (Mg or Ce).

- Ductile (Nodular) Irons first discovered in the 1940’s, form graphite e@s
during solidification due to slow solidificationtess and Mg or Ce alloying that
promotes spherical graphite formation. Nodular srotypically have high

ductility and strength.

The field of existence of cast irons is shown ig.FA.4 as a function of C and Si
content. The upper dashed line indicates the ectemmnposition for Fe-C-Si alloys
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Fig. A.4 — Carbon and silicon define steel rathantcast iron, [3]

The table in Fig. A.5 summarizes the casting andhaeical properties and the
cost of manufacture of the illustrated cast irdnsm worst to best. Note that ductile

cast iron shows good performances in each iterheofable.

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 atide range of levels,
macrostructure, microstructure, and ultra-micragtice, [4, 5]. Reflected light
microscopy is the most commonly used metallogragbim for the study of the
microstructure of metals. It has long been recaghithat the microstructure of metals
and alloys has a profound influence on many ofptingsical and mechanical properties.
Mechanical properties (strength, toughness, dtytilivears resistance, etc.) are
influenced much more than physical properties (nmameyinsensitive to microstructure).

In the study of microstructure, the metallograptietermines what phases or
constituents are present, their relative amounts] aheir size, spacing, and

arrangement. Specimens are generally viewed inptiisshed condition first using
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brightfield illumination to observe those constitte that have a natural color
reflectivity difference from the bulk of the metdlhis procedure is commonly used to
examine intermetallic compounds, graphite or nomathe inclusions and other small

particles that might be present, e.g. nitrides aadbonitrides. Some other small
precipitates that have essentially the same refigcas the metal may also be observed
if they have a much different hardness and polghate than the surrounding metal.
They will either stand above or below the matrixagpdé and can be easily observed
particularly if differential interference contrastllumination (DIC) is employed.

However, brightfield illumination is by far the ntosommonly used examination mode

in metallography.

B.1.2 Preparation of metallographic samples

To obtain a metallographic samples as that in Bid. a preparation method
consisting in a series of systematic steps hasetéollowed. The material in fact is
gradually removed from the sample surface by medrsiccessively finer abrasives.
The method of preparation must have a scientifisgejeand so it's essential it can allow
the perfect reproducibility of results for the samaterial, every time the operations are
carried out. A selection of method and equipmenstnhe done in depending on
material mechanical properties, such as its hasdaed ductility.

Theoretically we are interested in examining a spen surface which shows a
precise image of the structure under analysis, t'soimportant to achieve small
deformation, scratches or pull-outs on the surfadceavoid to introduce foreign

elements or cause thermal damage.

Fig B.1 — A sample of gray cast iron ready for rogmopy analysis
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The preparation process is divided into severajestawhich must be executed
to ensure satisfactory results. Thatting of metal to examine is often necessary
depending on the size or shape of the piece of rrmbt@he sample taken must
represent the features of the parent piece fronchwiii is cut. To introduce the
minimum amount of deformation in the cut surfadee most appropriate sectioning
method is abrasive wet cutting; this technique eygph cut-off wheel consisting of an
abrasive and a binder, while cool liquid flushes Wheel to avoid thermal damaging
and to remove debris from the cutting area.

To keep the handling and to improve the preparatsalts, the sample can be
embedded in resin: this is th@ountingprocess. Two different techniques are available
for mounting the samples: hot compression moundéind cold mounting. In the first
technique the sample is placed in the mountingspregh the resin, and processed
under heat and high pressure. To limit resin slagek maintaining good adhesion
between resin and metal it is advisable to coohtbents under pressure. Following the
cold mounting, the sample is simply placed in a lsh@nd two or three components are
carefully measured and putted in it. Three typesabfi mounting resins are available:
epoxy (low shrinkage, long curing time but excdiladhesion to sample), acrylic (easy-
to-use and chemically resistant) or polyester (seeatalyzation, like acrylic, short
curing time). In general hot mounting is ideal farge number of samples coming to
the lab successively, the resulting mounts wilbbéigh quality with uniform size and
shape; cold mounting is suitable for a large sefesmmples coming simultaneously.

In the mechanical preparation of the sample, abgaparticles are used in
successively finer steps to remove material froengrface, until the required result is
reached; preparation can actually be stopped whensurface is acceptable for a
specific examination, without obtaining the ide&lue structure Furthermore
mechanical preparation is divided into two subsetueperations:grinding and
polishing which differ in the used abrasive grain papersnding levels the sample
surface and removes bigger defects, introducing ariéw amount of new deformation;
grinding uses abrasive papers with increasing doametry (for example 200 400
800). By subsequent polishing the damage introdumegrevious steps is removed.
This is achieved with steps of successively fingrasive particles (usually diamond
particles from 6 to Irm of diameter), sprayed on the disk of the polighirachine. The

resulting sample surface must have a mirror fimghate.
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B.2 Color metallography

With the term color metallography any use of thdocmf the structural

components in the metallographic analysis, exptessel documented in the form of

color microphotography, is usually indicated, [, The limitations against color

metallography use are mainly the following:

The color of phases is not representative

The methodology makes more difficult the desmipof structure based on the
experience based on black-white pictures

Only decorative effect are in questions

It's technically and economically demanding

The aim of color metallography and of its method@s is using the color

contrast of phases in metallic or non metallic make as a source of new information

about the structure in comparison with classicablcedures. It's so possible re-

formulate the previous drawbacks into the followadyantages:

w0 NP

New knowledge of the structure is possible

It extends the structure description in comarisith black-white picture

Color picture are also decorative

Technical and economic demands are proportiomahe contribution of the

method to recognize the structure of tested mdgeria

Color contrast between individual micro localitissobtained i) because of the

chromatographic characteristics of some phasesasi)consequence of different

properties of particles in polarized light, iii)rfthe interference of in phases moved

waves, in consequence of reflection from an unesuface, different reflectivity of

phases, or multiple reflection in transparent sigfdayer varying thickness of

transparent surface film. A scheme of the posgibteesses to obtain color contrast is

here given in Fig. B.2. In the next section eadathméque is briefly introduced and

advantages discussed
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COLOR
CONTRAST
| |
Natural Artificial
- By modification of
Sample illumination sample surface
, Differential Evaporated
Bolanzen interference interference
light contrast contrast (DIC) layers

Fig. B.2 — Alternatives of origin of color contrastmetallography, [7]

B.3 Optical methods of activating contrast

B.3.1 Polarized light contrast

Light microscopy observation in polarized light reakit possible to resolve
phases with different optical properties and, tfegee it is suitable for identification of
difficult to be etched phases with other as cuéttide, which are optically anisotropic.
Certain metals and alloys that have non-cubic ahlysé atomic structures respond well
when viewed with cross-polarized light (i.e., thagpization direction of the polarizer
and analyzer are 90 degrees apart to produce gatijclf a metal or alloy with a cubic
crystalline structure (such as steel) is viewedhvatoss-polarized light, the field of
view is uniformly dark, and no microstructural detaan be observed. However, if a
polished specimen of beryllium, cadmium, magnesiaipha-titanium, uranium, zinc or

zirconium is viewed with crossed-polarized ligltg tmicrostructure is revealed vividly.
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Metallurgical microscopes usually adopt synthetieet filters for both the
polarizer and analyzer. The polarizer is generplced in the light path before the
vertical illuminator, while the analyzer is insetteefore the eyepieces. Prism polarizers
are less commonly used and more expensive but glgn@roduce superior results.
Some of the metals that respond to polarized lgght also be etched to reveal the
microstructure. However, the microstructure oftenrevealed better with crossed-
polarized light examination of an as-polished, eéched specimen. Crossed-polarized
light has limited usage in metallography becausaymaetals and alloys have cubic
crystal structures. However, some second phasesb@ayn-cubic and will respond
nicely to polarized light. Nodular graphite in dletcast iron is commonly studied
using crossed-polarized light because the growttegaof the graphite is revealed
dramatically, compare Fig. B.3. In such observatitve polarizer and analyzer filters
are placed in the crossed position (i.e. 90° tchaatber which produces the darkest
matrix appearance), and a sensitive tint plate {tanplate) is inserted to further
enhance coloration. The lambda plate may be adiiestan some microscopes that
change the colour pattern. In polarized light casitrare clearly visible the graphite

granulates with different crystallization planes.

Fig. B.3 — Nodular cast iron in crossed polarizagtt| not etched, mag. 800 x.

B.3.2 Differential Interference Contrast (DIC)

Although incident brightfield illumination is by fathe most common

ilumination mode used by metallographers, incrdasge is being made of differential

interference contrast (DIC) illumination. The medhaf phase contrast is based on the
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fact that the waves reflected by the unevennessuwoface are differentiated in
amplitudes, resp. intensity. Therefore DIC is dldafor study of surface display of
deformation processes. For qualitative and qudivitaevaluation of the surface
relieves there are more useful interference miapscmethods based on separation of
a light ray into two or more rays that after rurqnof different optical paths interconnect
again and mutually interfere. Color contrast arisgso at the interference. The
Nomarski system belongs into this group of optroathods of contrast enhancement by
optical way, and it is most commonly used for DICbrings out differences in height
that might not be observed with brightfield. Thigthod yields uneven illumination
across the field and degrades resolution, but it taveal features not visible in

brightfield, not by increasing resolution but bypraving image contrast.

Fig. B.4 — Light microscope (top micrograph) andmwski method (bottom
micrograph, 500x) applied to AA6061/8)s/20p MMC

Fig. B.4 demonstrates the use of Nomarski DIC m eékamination of a metal
matrix composite (MMC), with 6061 aluminum alloy ma and 20% of alumina
dispersed particles as reinforcement. Microstrécisrin both cases polished but not

etched. Brightfield illumination (Fig. B.4 top plwtreveals the alumina particles into
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the matrix, showing the extrusion direction; DIGohgd to the study of a crack profile
of the same material reveals similar informatioiy(B.4 bottom photo) but with bolder

clarity.

B.3.3 Darkfield illumination

Metallographers infrequently use darkfield (alsollech dark ground)
illumination. Only a few phases are best examingld darkfield. In copper alloys, such
as tough pitch copper, the copper oxide phasesligipt vividly when viewed with
darkfield, but the copper sulphide phase doesWath brightfield illumination, both
phases look rather alike. Darkfield, as with DICaynreveal features not visible with
brightfield illumination. Darkfield and DIC both gerate improved image contrast for
many microstructures. The self-luminous effect picet by darkfield offers increased
resolution and visibility with respect to brighttie

Darkfield illumination collects the light that ixattered by roughness, cracks,

pits, etch steps, or “ditches”, etc. Hence, it'geuseful in the study of grain structures.

B.3.4 Evaporated interference layers

Evaporation of interference layers on the surfadetle metallographic
specimens can upraise the differences in lighecéflity and therefore is suitable for
detailed study of inclusions.

If the observed sample is covered by a transpdilentsee the scheme of Fig.
B.5, the interference of light arises in conseqeeoicseparation of reflected light into
components reflected on the interference air-lsg/ed metal-layer. The interference
effect depends on the wavelengtlof the light source, on the thicknessf film and on
its index of light reflection. There is interferenif the wavelengths of light reflected by
the two surfaces differ of an odd multiple IoR. If we consider that the thickness of
film is approximately the half of path differenckerays (at vertical lightening), then the
interference starts av> (2k + 1)4 /4n, wherek is a natural number amdis the index of
refraction in the coating, i.e. at abdutqual to odd multiple df/4. After illumination
by white light by fulfillment of this condition theomplementary color (blue-yellow,

green-redbrown) appears for some light componeobirsequence of interference.
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AIR

Fig. B.5 — Scheme of interference of rays refledtech sample with coating.

The mentioned principle of dependence of colorhanthickness of film is more
the principle ofcolor etching by steaming of interference layers it is moredutiee
effect of differentiated of light in the individughases. Differentiated phases in metal
structure have different spectrum of reflected tlighith a characteristic minimum of
wavelength; as the minimum in the reflectivity igfetent, the phases have in the
reflected light different color that is the substarof differentiation of these phases in
the metallographic analysis.

B.3.5 Color etching

Color etching of metallographic specimens makessiples to enhance
differences in chemical composition of micro aréaalor etching is therefore used with
success in the study of segregation phenomenaafieated zones, diffusion layers and
in resolving of phases with different chemical casigion.

By the reaction between metal and color etchinghage transparent coating
develops on the surface of metallographic cut. ffhekness of this coating depends
also on the chemical composition of material of thé. As far as the chemical
composition of individual microlocalities considbha changes, the thickness of the
originated coating will also change and in conseqaeof it also the color of individual
microlocalities in the light of microscopy. The meiple of color etching is shown
schematically in Fig. B.6 with an example of a d@edsegregation. The scheme in
shows that the thickness of the interference ldggends on the chemical composition

of the specimen. As the chemical composition oiviiddial micro-areas is changed, the
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thickness of the formed on layer is also changeadl ianconsequence 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 etalifi7].

Color etchants have to form surface layers eximdit thickness in the range
100 to 150 nm of oxide, sulphide, complex molybdatemental selenium, or chromate
on the specimen surface. Satisfactory color etsharg balanced chemically to produce
a stable film on the specimen surface. This isreoptto ordinary chemical etchants
where the corrosion products produced during etchire redissolved into the etchant.
Color etchants have been also classified as anaditiodic, or complex systems

depending on the nature of the film precipitation.
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More precisely, etching is a controlled corrosiorogess based on the
electrolytic action between surface areas of diffiérpotential. Fopure metalsand
single-phase alloys, a potential difference exibttween grains with different
orientations, between grain boundaries and graeriors, between impurity phases and
the matrix, or at concentration gradients in sirfgh@se alloys. Fanultiphase alloysa
potential also exists among the various phase&pte$hese potential differences alter
the rate of attack, thus revealing the microstmectwhen chemical etchants are used.
For a two-phase alloy, the potential of one phaggeater than that of the other. During
etching, the more electropositive (anodic) phase attacked while the more
electronegative (cathodic) phase is not attackguregpably. The magnitude of the
potential difference between two phases is greéhtar the potential differences existing
in single-phase alloys, hence, alloys with two arenphases etch more rapidly than do
single phase metals and alloys.

As the film thickness increases, interference eeablors (viewed with white
light) in the usual sequence: yellow, red, violdtie, and green. With anodic systems,
the film forms only over the anodic phase but thiekness of this film can vary with
crystallographic orientation of the phase. For odit systems, the film thickness over
the cathodic phase is generally constant so thgtare color is produced. This color,
however, will vary as this film grows during etcbinrHence, to obtain the same color
each time, the etch time must be held constans iBhusually accomplished by timing

the etching and by watching the macroscopic cdidhe sample during staining.

Fig. B.7 — Colour contrast on a nodular cast ik@nite tracks - not coherent film,

etched sodium chromate, mag. 400x
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Color etching technique applied to the nodular gast microstructure is a very
useful tool for the analysis of the chemical miartbemogeneity of the matrix, [8].
Chemical inhomogeneity affects the phase transfooms in the solid state and
therefore the matrix structure and properties, [8].Fig. B.7 the color etching on
nodular cast iron microstructure observed at thyhtlimicroscope is shown. The
segregation of elements is well visible in the sazl coloring from blue to brown. The
highest content of Si and the lowest content of (Myht blue places) are around the
graphite particles: in the direction to the boumstaof the eutectic cells the content of
Si decreases, and increases the content of Mnejdiaudk of brown color). The highest
content of Mn and the lowest content of Si aretanlimits of eutectic cells, which are

highlighted by brown coloring.
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