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The three-step austempering heat treatment of ductile iron parts in this paper is simulated by employing a
coupled thermo-mechanical-metallurgical model. The thermo-mechanical formulation is solved in the macro-
scale using the finite element method to predict the evolution of temperatures and deformations in the whole
part. The metallurgical model deals with phase transformations that occur during the heat treatment, which are
analyzed in the microscale. For each phase transformation the microstructure features such as type,
distribution, and shape and size of phases are considered employing representative volume elements. The
performance of the proposed model is tested by simulating experimental heat treatments reported in the
literature. By means of comparison with experimental results, the model proved to be able to predict correctly
the evolutions of temperature and dimensional changes, the minimum austenitization and austempering times,
and the final phase fractions. It is concluded that this model could be a useful computational tool in the design

of austempered ductile iron parts as well as the austempering heat treatment process.

1. Introduction

Austempered Ductile Iron (ADI) is a metallic alloy of growing
interest in industry because it allows to obtain high resistance parts at
low production cost. ADI parts, which are mostly used by automotive
and agricultural industries, are obtained by means of casting and heat
treatment processes. At ambient temperature, the ADI microstructure
is formed by graphite nodules embedded in a metallic matrix called
ausferrite. The ausferrite is a microstructure constituent in which the
phases are retained austenite and ferrite platelets. The features and
amount of these phases are important because they modify the
mechanical properties values of the material.

The classical austempering heat treatment, which has been re-
ported in numerous publications, is commonly identified as three-step
heat treatment [1,2] and its main features are shown in Fig. 1. In this
process the austenitization stage first takes place in which the part is
heated up and kept at the austenitizing temperature 7,, this is between
850 °C and 950 °C, in order to transform the initial matrix, commonly
ferritic-pearlitic, into one completely austenitic and with the appro-
priate carbon content [3,4]. Next, the part is suddenly cooled down and

kept at the austempering temperature T, this is between 250 °C and
450 °C, to initiate the austempering process (austempering stage).
Finally, the part is cooled down up to the ambient temperature Ty, ,p-
The extension of the first stage and second stage are called austenitiza-
tion time (z,) and austempering time (t4), respectively.

A set of heat treatment process parameters play a key role in the
obtained ADI microstructure and consequently in the resulting me-
chanical properties; among them the austenitization and austempering
temperatures, austenitization and austempering times, and the cooling
rate when the part is cooled down from 7, up to T4 are the most
important. In several experimental investigations the adequate value of
these parameters have been reported, but only for a small variety of
parts size and shape, and ductile iron features (chemical composition,
graphite nodule count, initial microstructure) [5-9]. Thus, the design
of new ADI parts currently requires a number of experimental tests,
with the consequence that there are heavy increases in cost and time
every time a new development is attempted.

To reduce cost and time of new developments, computational
models may be a way to improve designs without the need to perform
trials in laboratory environments. This allows estimating appropriate
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Fig. 1. Three-step austempering heat treatment.

values of heat treatment parameters by employing physical models that
deal with the different phenomena that take place in the process. In the
literature, several heat treatment models that consider thermal,
mechanical and metallurgical phenomena are found for materials like
steels [10—16]; however, regarding to the austempering heat treatment
of ductile irons, most simulations are restricted to metallurgical
aspects. For example Batra et al. [17] predicted the evolution of phases
during the stable reverse eutectic transformation using a model that
considers some microstructure features of the ductile iron such as
graphite nodule count. Yescas et al. [4] proposed a model to predict the
amount of austenite, ferrite platelets, and martensite at ambient
temperature when the ausferritic transformation is completely devel-
oped. Thomson et al. [18] and Kapturkiewicz et al. [19] proposed
different models to simulate the kinetics of the austempering transfor-
mation, whereas along the same line of thought, Boccardo et al. [20]
considered the graphite nodule count and ferrite platelet size. A few
models simultaneously consider the phenomena of different nature of
the process in a coupled way. Kapturkiewicz et al. [21] predicted the
evolutions of temperature and phases during the metastable reverse
eutectic transformation using a thermo-metallurgical model that con-
siders the microstructure features of the ductile iron such as the
pearlite interlaminar spacing. Hepp et al. [22] simulated the heat
treatment employing a thermo-metallurgical approach, in which the
metallurgical model took into account phase transformations such as
reverse eutectoid, eutectoid, and ausferritic. Boccardo et al. [23]
proposed a thermo-mechanical-metallurgical approach considering
the reverse eutectoid, ausferritic, and martensitic transformations.
The two last mentioned models were the most complete found in the
literature review to simulate the three-step process; however they have
some limitations regarding the metallurgical model: In both models,
the effect of graphite nodule size has been neglected in the ausferritic
transformation even though the kinetics of this transformation is
strongly modified by graphite nodule size, as reported by Fra's et al.
[8]. Furthermore, the martensitic transformation model employ by
Refs. [4,23] considers austenite with homogeneous carbon concentra-
tion even though the austenite, that will transform into martensite after
ausferritic transformation, has no homogeneous carbon concentration
during the ausferritic transformation due to the redistribution of
carbon [24,25].

The aim of this work is to simulate the austempering heat treatment
process of a ductile iron taking into account the thermal, mechanical,
and metallurgical aspects of the problem. The formulation is defined
within the context of the thermo-plasticity theory and takes into
account large strain effects, volumetric deformations on account of
thermal and phase changes, temperature-dependent material proper-
ties, and metallurgical evolution. The metallurgical model considers the
reverse eutectoid, ausferritic, and martensitic transformations, which
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are modeled by deterministic representative volume elements, which
account for some microstructure features that were not considered by
the above mentioned works. The austempering heat treatment model is
first presented (Section 2), followed by cases studied (Section 3) and
their results and discussion (Section 4). Finally, conclusions are
presented (Section 5).

2. Austempering heat treatment model

The proposed heat treatment model considers the thermal, me-
chanical, and metallurgical aspects of the problem. The thermal aspect
deals with the evolution of the temperature in the part at macroscale.
The mechanical aspect, also proposed at macroscale, handles the
evolution of the deformation due to phase and temperature changes.
Finally, the metallurgical aspect evaluates the evolution of phases at
microscale level to consider the type, distribution, and shape and size
of the phases that form the microstructure.

The thermal and mechanical models are solved by means of the
finite element method, meanwhile the differential equations of the
metallurgical model are solved, at each Gauss point of a finite element,
by the implicit Euler method. In this paper a bidirectional coupling has
been proposed between the thermal and the metallurgical models
which allows to predict the evolution of phases as a function of the
temperature and, in turn, the evolution of the temperature as a
function of the phase evolution. On the other hand, unidirectional
couplings have been proposed between the metallurgical and the
mechanical, and the thermal and the mechanical models, in this way
only the deformation evolution by phase and temperature changes are
considered. The numerical solution at time 7 + At is calculated, taking
into account the couplings mentioned above, by means of the algo-
rithms schematically illustrated in the Fig. 2.

2.1. Thermo-mechanical formulation

The thermo-mechanical formulation used in this paper is based on
previous works [23,26,27]. The local governing equations describing
the evolution of a quasi-steady process are expressed by the continuity
equation (Eq. (1)), the motion equation (Eq. (2)), and the energy
balance equation (Eq. (3)) written in a Lagrangian description, and are
valid in QOxY, where Q is the spatial configuration of a body and Y
denotes the time interval of interest with time r € Y.

pl=py M
ve =0 ()
pcT = v-(kvT) + O (3)

Start of

calculation
at t+At

\
Metallurgical \
model (MetM) Mechanical
* model (MecM)
Thermal
model (ThM)

calculation
at t+At

Fig. 2. Resolution scheme of the austempering heat treatment model at time 7 + Ar.
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where p is the density, J is the determinant of the deformation gradient
tensor F, 6 is the Cauchy stress tensor, c is the tangent specific heat
capacity, Q is the heat generated due to phase changes, k is the
isotropic conductivity tensor defined as k = k1, where k is the
conductivity coefficient and 1 is the unit tensor, and T is the
temperature. In these equations v is the spatial gradient operator,
the dot on top of a variable indicates time derivative, and the subscript
0 applied to a variable denotes its value at the initial configuration Q.
The material parameters ¢ and k are temperature-dependent.

The rate of the heat generation due to phase change is calculated as:
Q = /)(Laay f;v + Lp%yf, + Lyaaf:zp)

m

G

where L,.,, L,, and L,., are the latent heats of stable reverse
eutectoid, metastable reverse eutectoid, and ausferritic transforma-
tions, respectively. The volume fractions f,, f, , and f,, correspond to
stable and metastable austenite, and ferrite platelets, respectively.
The boundary condition imposed at the casting/environment inter-
face respond to a Newton type law (Eq. (5)), which is valid in I3xY,
where Ty is the Q contouring in which the condition is applied.

= —h(T = Tn) (5)

where gcony 1S the normal heat flux, h is the heat transfer coefficient at
interface, and T and T,,, are the temperatures at both sides of the
interface.

Geony

2.2. Elasto-plastic constitutive model

The stress-strain law and the plastic evolution equations are defined
within the context of the associate rate-independent thermo-plasticity
theory. The relationship between the stress ¢ and total strain e is given
by the secant constitutive law defined as:

c6=C:(e—e’—-¢)

(6)

where C is the temperature-dependent isotropic elastic constitutive
tensor, e = 1/2(1 — F~TF~!) is the Almansi strain tensor, e” is the plastic
Almansi strain tensor, and e’ is the Almansi strain tensor associated to
a volume expansion or contraction due to temperature and phase
changes.

The evolution of e” is given by:

L,(eP) = Ai(0F /o) @

in which L, is the Lie derivative, / is the plastic consistency parameter
computed according to classical concepts of the plasticity theory, and
F = F (o, &P, T) is the yield function governing the plastic behavior of
the solid, such that no plastic evolutions occur when F < 0. A von Mises
yield function is adopted:

F =GR = (Cy+ G )

where o,, = (3/,)"/? is the equivalent or von Mises stress, J> is the
second invariant of the deviatoric part of &, Cy; is the yield strength
defining the initial elastic boundary of the material, and Cj, is the
isotropic plastic hardening function. In general C,, decreases with
temperature and, hence, it accounts for the thermal softening phenom-
enon, which is an important effect to be considered in heat treatment
processes where materials undergo large temperature variations. The
function Cj, depends on the effective plastic deformation related to the
isotropic strain hardening effect &7 in the form:

G, = A? @) 9
where
8P = —A(0F19C;) (10)

In Eq. (9) A? is the strength index and n” is the strain hardening
exponent.
The strain tensor €’ is given by:
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e =1 - -ay’ an
where a, is the secant volumetric deformation. The definition of a,
takes into account the volumetric deformation due to temperature and
phase changes. Following Ref. [28], the function a, is evaluated as:

pomi('
a, = — —

pmu (12)
where p™ is the microstructure density which is calculated in the
form:

plnic = prhpph

where f,,, and p,;, are the volume fraction and density of the micro-
constituents, respectively, indicated by the subscript ph which repre-
sents to graphite (Gr), ferrite (a), ferrite platelets (ap), pearlite (p),
block (m;) and halo (my) of martensite, and film (yp), block (y;), and
halo (yy) of austenite. Because pearlite is formed by ferrite and
cementite, its density is computed as:

13)

Py =JopPo + (1 = fo1)0% a4

where p, is the density of cementite and f;,, is the volume fraction of
cementite in the pearlite colonies which is calculated as:

fg/p =

CPear — Cald

(15)

€ — Calg

where cpy, is the carbon concentration of pearlite, ¢, is the
equilibrium carbon concentration of ferrite at ferrite-cementite inter-
face, and ¢y is the carbon concentration of cementite, and they are
calculated as in Ref. [23].

The ferrite, austenite, and cementite densities are computed as
described in Ref. [29], and the graphite density is computed as in Ref.
[23]. The volume fraction of all the phases employed in Eq. (13) are
computed with the metallurgical model below described.

2.3. Metallurgical model

The metallurgical model simulates the phase transformations that
occur through the three-step heat treatment. The considered transfor-
mations are stable (TEI,) and metastable (TEI,,) reverse eutectoide,
ausferritic (TA), and martensitic (TM). Moreover the carbon homo-
genization in austenite (HA), at the austenitization temperature, is
taken into account. These transformations occur in specific stages of
the heat treatment and their development depend on the values of
temperature, temperature rate, and phase fraction. Fig. 3 shows the
algorithms of the metallurgical model that allows to obtain the final
microstructure, where Tggs, Tzp,s, Tas, and Ty represent the tempera-
ture at which the transformations TEI, TEI,,, TA, and TM start. The
temperatures Tgs and Tg,s are calculated using the equations

Start of
metallurgical
model

End of
‘*—>( metallurgical
model

Fig. 3. Resolution scheme of the metallurgical model.
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proposed by Ref. [30], while T4s and Tys are calculated using the
equations proposed by Refs. [31] and [32], respectively.

For each transformation, the microstructure of the material is
described by a representative volume element (RVE), in which the
temperature is assumed uniform. These RVEs allow to model the phase
change by considering the type, distribution, and shape and size of the
phases that form the microstructure of the ductile iron during the
different stages of the heat treatment. The models for TEI; and TEI,,
are described in Section 2.3.1, while those for HA, TA, and TM are
described in Sections 2.3.2, 2.3.3 and 2.3.4, respectively.

2.3.1. Reverse eutectoid transformation

At the beginning of the simulation, the initial microstructure is
formed by graphite nodules, ferrite halos, and pearlite colonies, all of
these having diverse sizes. The ferrite halos are transformed into
austenite (ys) by means of the stable reverse eutectoid transformation.
In this transformation, for each set of equal size graphite nodules, the
employed spherical representative volume element RVE,; is formed by a
graphite nodule surrounded by a ferrite shell, see Fig. 4.

The model considers that an instantaneous austenite shell, of radius
1% larger than the graphite nodule, occurs at graphite-ferrite interface.
The growth mechanism is governed by long range carbon diffusion. The
graphite and austenite radii growth rates, for each set of equal size
graphite nodules, are computed through the carbon mass balance
condition at the mobile graphite-austenite and austenite-ferrite inter-
faces, together with the steady state carbon diffusion and carbon mass
conservation in the RVE,;,. The radii growth 75, and r, are evaluated
employing the equations of Ref. [23]. The graphite, ferrite, and
austenite volume fractions are calculated as:

4 nsetsg

fGr = Nret,' r(3;r,'

34 (16)

dr nsetsg

fo=— N.L,,.(r?—rg;n.)

nT3 ; e 17
dr nsetsg

f = N\'er;("a:j,’ - r?)

©3 ; ! as)

where 15, is the radius of graphite nodule, , is the radius of austenite
shell, and 7, is the size of RVE,,. In addition, N, is the number of
nodules per unit volume, all of them of a set 7, such that nsetsg is the
number of sets. The initial radius of graphite nodule is
T6riy = [,y S,/ (37Nser) 13, where f,, is the normalized initial gra-
phite volume fraction with respect to f;, . The size of RVE,; is calculated
as 1y = 167, (1 + o lfr) -

When the initial graphite and ferrite volume fractions are high
enough, there are contacts between neighbouring shells of austenite
which are growing, therefore the austenite growth rate decreases. This
phenomenon is taken into account with a coefficient called GIg, with
Gl < 1, which reduces 7, when the shells begin to be in contact:

o

Pearlite

la,

Fig. 4. Representative volume element RVE;;, employed to model the stable reverse
eutectoid transformation.
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1 _fczm

where f.on is the sum of fg,. and Iy when the neighbouring shells of
austenite begin to be in contact and it is set to f,,, = 0.5 as in Ref. [23].

On the other hand, the pearlite is transformed into austenite (y,,)
by means of the metastable reverse eutectoid transformation. The
pearlite colonies are classified in sets of equal interlaminar spacing. Set
Jj is formed by all pearlite colonies with an interlaminar spacing size
ips;. In this transformation, for each set of pearlite colonies the
employed unidimensional representative volume element RVE,, is
formed by a half layer of cementite and a half layer of ferrite as is
shown in Fig. 5.

The model considers that an instantaneous austenite layer, of
thickness equal to 1% of the cementite layer, occurs at cementite-
ferrite interface. The growth mechanism is governed by long range
carbon diffusion. The carbon mass balance condition at the mobile
cementite-austenite and austenite-ferrite interfaces is considered,
together with steady state carbon diffusion and carbon mass conserva-
tion in RVE,,. The interfaces growth xj, and x,, are evaluated employ-
ing the equations of Ref. [23]. The pearlite and austenite volume
fractions are calculated as:

(XV/ - XQj)

1— + 2/3
szrgﬁiJQ]

(19)

nsetsc

fo = Z Iy 1 - X
j=1 K
(20
nsetsc ()er - .ng)
b= Xhym
g j=1 T xy (21)

where xg; and x,, are the coordinates of cementite-austenite and
austenite-ferrite interfaces respectively, and x,, is the size of RVE,,.
Further, fp,- is the pearlite volume fraction, all of them for a set j, such
that nsetsc is the number of sets. The size of RVE,, is calculated as
X = ips;/2 and X0, = Xaj Sospr

The total austenite volume fraction resulting of the reverse eu-
tectoid transformation is evaluated with the following equation:

fy =hy =h (22)

2.3.2. Carbon homogenization in austenite
After the end of both stable and metastable reverse eutectoid
transformations, the microstructure of the ductile iron is formed by

ips;

e 3 Ferrite
: layer

Cementite ey ‘A"
R
layer @3&%% RVEmj

Fig. 5. Representative volume element RVE,,; employed to model the metastable reverse

eutectoid transformation.
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Graphite
nodule

[Gri [celi

Fig. 6. Representative volume element RVEj; proposed to model the carbon homo-

genization in austenite.

graphite nodules and austenite. The austenite carbon concentration, in
equilibrium with graphite, increases as the austenitization temperature
increases. This equilibrium carbon concentration is reached by means
of carbon diffusion from graphite nodules to austenite through
graphite-austenite interface.

By proposing a RVE,, as is shown in Fig. 6 and taking into account
the graphite nodule size, the graphite and austenite volume fractions
became:

nsetsg

Az
Jor = 3 z Niet; réri
i=1

(23)

nsetsg

4z
f; =f7h = ? Z N\'et,‘(riz],- - r(j;r,')
i=1

24

where r e, = [(3f,,,)/(4nNye;) I3 is the size of RVE,.

The carbon mass balance condition at the mobile graphite-austenite
interface is considered, together with steady state carbon diffusion and
carbon mass conservation in RVE),. The radius growth r;,, is calculated
in the same way as it was obtained for the stable reverse eutectoid

transformation.

2.3.3. Ausferritic transformation

During the ausferritic transformation a fraction of austenite trans-
forms into ferrite platelets. In this work the model proposed by
Boccardo et al. [20] is used. This model considers a continuously
nucleation of ferrite platelets on both graphite surface and tips of the
existing ferrite platelets, and they grow by means of a displacive
mechanism. This transformation occurs if austenite carbon concentra-
tion is less than Crrpo phenomenon known as incomplete reaction. The
spherical RVE,, employ to this transformation is observed in Fig. 7,
which considers three regions of austenite with different carbon
contents: (1) austenite film that forms part of the sheaves, (2) austenite
block that is placed between the sheaves, and (3) austenite halo, all of
them with different carbon content during the development of the
mentioned transformation. The austenite film, austenite block, and
ferrite subunits form a microconstituent called ausferrite.

It is assumed that the graphite fraction remains constant, while
volume fractions of ausferrite, ferrite platelets, austenite film, austenite
block, and austenite halo, are evaluated as:

nsetsg

4 3 3
f usf — A Ns‘et,(rA‘- - rGrl')
W X (25)
4” ﬂ.\'(.‘f&g 5
= — Nyer: o0p;
f,,p 3 ; ‘f;’pi seti Teel; (26)
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Fig. 7. Representative volume element RVE4; employ to model the ausferritic transfor-
mation.
Arx nsetsg R
f«, = = Xyflq Z Jop: Nseti Tel;
'f wiap ap, i~ celj
3 & o @7
dr nsetsg
3 3 3
f«,b = ? Z [Nmt,(rA,' - rGrl-) _fapiNset,'(l + x}{f/a[l)rcel,']
i=1 (28)
4” nsetsg 3 ;
t = 3 Z Niety (Feet; = Ta;)
i=1 (29)

where ry, is the radius of ausferrite, f,, is the volume fraction of ferrite
platelet with respect to the RVE,, volume, all of them of a graphite
nodule set i. Moreover x,s,, = 0.12 is the ratio between the volume
fractions of austenite film and ferrite subunit within a sheaf. The radius
and fraction growths r;, and jfzpl_, respectively, are evaluated employing
the equations of Ref. [20].

When the graphite and ausferrite volume fractions are high enough,
there are contacts between neighbouring shells of ausferrite which are
growing, therefore the ausferrite growth rate decreases. This phenom-
enon is taken into account with a coefficient called GI,, with GI, < 1,
which reduces r;, when the shells begin to be in contact:

1 - ( T + Uusj 2/3
GlAz[ Jor + 12 ﬂ]
1 - ‘f(‘.‘ﬁﬂ
where f,, is the sum of f;, and f4,r when the neighbouring shells of

ausferrite begin to be in contact and it is set to £,,, = 0.5 as in Ref. [20].
The total austenite volume fraction is calculated as:

fy =ty + 5, + 4,

(30

(31)

2.3.4. Martensitic transformation

The model proposed in this work allows predicting the amount of
martensite formed within austenite film, austenite block, and austenite
halo employing the model of Ref. [4] for each austenite region, as is
illustrated in Fig. 8. Austenite film is retained at ambient temperature
due to its high carbon concentration [24], whereas austenite block and
halo are able to transform into martensite if the ausferritic transforma-
tion has not been developed completely. When the ausferritic trans-
formation is completed, there is no austenite halo and the carbon
concentration of austenite block is equal to the carbon concentration of
austenite film, hence the martensitic transformation does not occur.

During the martensitic transformation it is assumed that graphite
volume fraction remains constant, while the volume fractions of
martensite (f,,) and austenite ( f,) are calculated as:
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halo
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Austenite
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Graphite
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Fig. 8. Schematic representation of ADI microstructure after the ausferritic transforma-
tion took place.

Fo = fopem i+ fopem
Ty =ty +Fp =t

where Ty and f,o are the volume fractions of austenite block and halo,
respectively, when the martensitic transformation starts. Furthermore,
Joy—m @nd £, _,,, are the volume fractions of austenite block and halo,
respectively, that transform into martensite, which are calculated by
means of the Khan and Bhadeshia model [33]:

—ln(l —,;gyﬁm))

Foym

(32)

(33)

=1+4+c(Tus—-T)
(34)

where ¢, is a fitted constant and j = b, h.

The proposed formulation was implemented into an in-house
special purpose finite element code which has been extensively
validated in previous engineering applications (see, for example,
Refs. [23,26,27,34]). Assuming standard spatial interpolations for the
displacement and temperature fields and following the typical proce-
dures within the finite element context [35], the global discretized
thermomechanical equations (also including microstructural effects)
are solved using a staggered scheme based on an improved isothermal
split. Moreover, the local evolution equations of the elastoplastic
constitutive model are integrated in this work using an implicit radial
return mapping algorithm written in the spatial configuration [36]. The
equilibrium equation is solved by considering the continuum tangent
elastoplastic constitutive tensor together with the B-bar technique to
handle the incompressible character of the von Mises plastic flow.
Further details of the full discretized formulation can be found
elsewhere [26].

3. Cases of study

The model was tested by simulating experimental austempering
heat treatments reported in the literature. In order to verify different
aspects of the model two type of experiments, here identified as HT1
and HT2, were simulated.

In HT1 cylindrical samples of different dimensions are subjected to
an austempering stage which is characterized for a complete develop-
ment of the ausferritic transformation. The features of the different
initial microstructures and chemical composition are shown in Table 1.
The graphite nodule count per unit of area was transformed to graphite
nodule count per unit of volume using the equation of Ref. [20]. These
samples are treated employing the austenitization and austempering
temperatures and times shown in Table 2.

In HT2 cuboid samples of 10 mm x 10 mm x 55 mm are subjected
to different austempering time, consequently the final microstructure is
able to contain martensite. The graphite nodule count, initial volume
fractions, and chemical composition of the material are shown in
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Table 1
Initial microstructure and chemical composition for HT1 [8,23,37].

Material Graphite nodule count [nod/mm?] Jorg Jao Tpo
M1 140 0.11 0.42 0.47
M2 330 0.12 0.78 0.1
M3 840 0.11 0.46 0.43
M4 1992 0.1 0.1 0.8
Chemical composition DI1
3.70C-2.658i-0.1Mn-0.02P-0.01S-0.04Mg
Table 2
Heat treatment parameters for HT1 [8,23,37].
Test Material ~ Dimension [mm] T, [°C] T4 [°C] ¢, [min] t4 [min]
NC1 M1 $2.5 x 40 900 400 40 33
NC2 M2 $1.5 x 20 920 400 30 33
NC3 M3 $2.5 x 40 900 400 40 33
NC4T1 M4 $1.5 x 20 920 400 30 33
T2 M4 $1.5 x 20 920 350 30 33
T3 M4 $1.5 x 20 920 300 30 33
Table 3
Initial microstructure and chemical composition for HT2 [6].
Graphite nodule count [nod/ Torg g Tro
mm?]
250 0.09 0.045 0.865

Chemical composition DI2
3.48C-2.0288Si-0.22Mn-0.05Cr-0.016Ni-0.6Cu-0.04Ti-0.03Mo-0.0079Sn-0.012V-
0.02A1

Table 4
Austempering time for HT2 [6].

Test ty [min]
AT1 5

AT2 15

AT3 30

AT4 60

AT5 75

AT6 90

AT7 120
AT8 150

Table 3. The austenitization and austempering temperatures are
T, = 900°C and T, = 330°C, and the austenitization time is #, = 60 min,
while the austempering time for each test is shown in Table 4.

Due to the symmetry of the cylindrical specimens a geometry
corresponding to 1/2 sample was discretized using 600 linear axisym-
metric elements of four nodes (6 x 100 elements), as shown in Fig. 9a.
The mechanical boundary condition are applied in edges 1 and 2
(normal displacement equal to zero). The thermal boundary conditions
are normal heat flux equal to zero in edges 1 and 2, and convection in
edges 3 and 4. For the cuboid specimens there are three planes of
symmetry, as shown in Fig. 9b, therefore the domain investigated
reduces to 1/8 of the sample. This geometry was discretized using 540
linear hexahedral elements of 8 nodes (6 x 6 x 15 elements). The
mechanical boundary condition are applied in surfaces 1, 2, and 3
(normal displacement equal to zero). The thermal boundary conditions
are normal heat flux equal to zero in surfaces 1, 2, and 3, and
convection in surfaces 4, 5, and 6. The number of elements for both
geometries were obtained by means of a convergence study.

The mechanical and thermal properties for both chemical composi-
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Fig. 9. Modeled geometry, and mechanical and thermal boundary conditions of (a)
cylindrical and (b) cuboid samples.

Table 5
Mechanical properties of nodular cast iron [34].

Temperature [°C] Young's modulus [MPa] Yield strength [MPa]

20 163,471 260
100 163,113 255
200 160,174 250
300 151,650 230
400 135,276 210
500 110,898 135
600 81,386 60
700 52,021 50
720 46,668 48
750 44,267 45
770 43,788 42
800 44,356 40
830 45,935 37
850 42,935 35
900 35,435 30
1000 28,435 20
Poisson's ratio v =033

Hardening parameters AP = 300 MPa n? =0.22

Table 6
Thermal properties of nodular cast iron [21,34,38].

Temperature [°C] Conductivity [W/(m °C)] Specific heat [J/(kg °C)]

20 44.1 500

280 44.1 612

420 40.9 672

560 37.1 732

700 33.6 750

840 28.1 758

980 22,5 786

polkg/m?] 7000

Latent Lp—, = 1.28x10* Lgy = 5.8x10%

heat [J/kg] Ly—q =5.8x10%

tion are shown in Tables 5 and 6, respectively. The sample/environ-
ment heat transfer coefficient was fitted from experimental data. The
average heat transfer coefficient is 4 = 70 W/(m?’K) during all the
heating up and the cooling down from T, up to Tg,p whereas
h = 400 W/(m?K) during the cooling down from 7, up to T4. In the
initial microstructures, the graphite nodules and pearlite colonies were
grouped in one set, i.e. nsetsg = 1 and nsetsc = 1. In this work a pearlite
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Table 7
Fitted constants of the ausferritic transformation model.

Ductile iron ky ko [J/mol]
DI1 1.33x10'5 4.7x103
DI2 8x10"° 4.7x103

with coarse interlaminar spacing ips; = 0.5 X 107 m was assumed. The
constants of the ausferritic transformation model were fitted for both
chemical composition, and their values are shown in Table 7. The
constant of the martensitic transformation was also fitted and its value
is ¢, = 0.006.

4. Results and discussion

In this work the heat treatment of two different small samples were
treated using the described model. Some output in terms of tempera-
ture and dimensional change evolutions, phase fraction at the end of
the heat treatment, minimum required time of the austenitization stage
to obtain an austenitic matrix with homogeneous carbon content at
austenitizing temperature (MRT,), and minimum required time of the
austempering stage to complete the ausferritic transformation (MRT,)
are computed and compared with experimental results presented in
Refs. [6,8,23].

The Fig. 10a shows the computed evolutions of temperature and
dimensional change at point 1 for HT1. Moreover, the corresponding
experimental measurements are also included in this figure. The dimen-
sional change was defined as d. c¢. =Al/l,, were [, is the initial length of the
sample and A/ is its length change. As can be seen, the computed evolution
of the temperature is in good agreement with experimental result. Besides,
the dimensional change is well represented, that means expansion during
the austenitization stage and contraction followed by expansion during the
austempering stage. The calculated expansion during the austempering
stage is smaller than the experimental one, but they have the same trend
stating that the kinetics of the ausferritic transformation is correctly
represented. The temperature and deformation evolutions at point 1 for
HT?2 is shown in Fig. 10b. The temperature curve shows clearly the thermal
cycle and the dimensional change curve evidences the effects of reverse
eutectoid, ausferritic, and martensitic transformations in regions A, B, and
C, respectively.

In Figs. 11a and b the computed volume fraction of ferrite platelets,
at the end of the heat treatment, is shown for cylindrical and cuboid
samples, respectively. It can be observed that this fraction is almost
homogeneous throughout the parts. It occurred because a similar
temperature evolution was obtained in different points of each sample
due to its small dimensions.

The computed volume fractions of graphite, austenite, ferrite
platelets, and martensite through the heat treatment, for HT2, are
shown in Fig. 12. The graphite volume fraction remained constant after
the austenitization stage. Austenite volume fraction increased due to
reverse eutectoide transformation, and decreased because it was
consumed in both ausferritic and martensitic transformations. The
martensitic transformation started because the ausferritic transforma-
tion was developed for a short time.

In Fig. 13 the time MRT, for HT1 is presented. The numerical
results are in good agreement with experimental ones. By comparison
between tests NC1 and NC3, which have coupons of same dimension
and the metallic matrices are almost the same, could be observed the
influence of the variation of the graphite nodule count. When the
graphite nodule count increased from 140 to 840 nod/mm? MRT,
decreased; the same behavior was observed by Fras et al. [8]. This
occurs because the distance between neighbor graphite nodules
decreases, therefore the carbon needs to diffuse a short distance. The
obtained results indicate that the model allows predicting the men-
tioned time by taking into account the microstructure features.
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The time MRT, for HT1 is shown in Fig. 14. Computed results are
in good agreement with the experimental ones. MRT, decreased when
graphite nodule count increased, see Fig. 14a. This behavior occurs
because nucleation of ferrite platelets at graphite surface becomes more
important that nucleation at tip of existing platelets, being the rate of
the former bigger than the rate of the latter. MRT, decreased when
austempering temperature increased, see Fig. 14b. This behavior
occurs because the nucleation rate and size of ferrite platelets increase
when austempering temperature increases [20].

Fig. 15 shows the computed phase volume fractions and dimen-
sional change, at the end of the heat treatment, for different austem-
pering time corresponding to experiment HT2. The graphite volume
fraction remained constant because the model assumes that its value is
not modified during the ausferritic and martensitic transformations.
The volume fraction of ferrite platelets increased when austempering
time increased too, because the austempering transformation was
developed for more time. When austempering time increases, more
amount of carbon is rejected from ferrite to austenite. If the austenite
carbon content is high enough, austenite is not consumed by marten-
site, i.e. all the austenite is retained at ambient temperature. This fact
explains why martensite volume fraction decreased when austempering
time increased. On the other hand, when austempering time increases
more amount of austenite is consumed by ferrite platelets, explaining
why the austenite volume fraction had a maximum when the austem-
pering time is equal to 75 min. By means of comparison with the above
mentioned experiment, it is observed that austenite volume fraction is
well computed by the model when this phase is consumed by the
ausferritic and martensitic transformations. Regarding the final dimen-
sional change, positive values of this output were obtained in micro-
structures with a martensite volume fraction f, > 0.12, while its
minimum value (negative) occurred for the maximum amount of
austenite. When the ausferritic transformation ended, the sample also
experimented a negative dimensional change.
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5. Conclusions

The three-step austempering heat treatment has been modeled in
several works, however seldom have thermal and mechanical phenom-
ena been considered. For example, some microstructural features as
graphite nodule count and distribution of austenite carbon content
were not considered in the metallurgical model hindering their usage.

In this work a thermo-mechanical-metallurgical model has been
proposed. The thermal and mechanical models are solved at the
macroscale by means of the finite element method; meanwhile the
metallurgical model is solved at the microscale using a representative
volume element for each considered phase transformation.

The most relevant results obtained with the present model were the
evolutions of temperature, dimensional change, and phase fractions
through the heat treatment; also the minimum times for austenitiza-
tion (MRT,) and austempering (MRT,) stages were predicted. The
performance of the model was tested by comparison with experimental
results.

The main conclusions of the study may be summarized as follows:

1. The final microstructure is obtained as the result of the development
of reverse eutectoid, ausferritic and martensitic transformations that
occur in the different stages of the heat treatment.

2. The variation of graphite nodule count modifies the development of
reverse eutectoid and ausferritic transformations. Its effect is
observed in the minimum times for austenitization MRT, and
austempering MRT, stages, in which the mentioned transformations
take place, respectively. An increment of graphite nodule count
reduces MRT, and MRT.

3. The variation of austempering temperature modifies the develop-
ment of ausferritic transformation and its effect is observed in the
minimum time for the austempering stage MRT,4. An increment of
austempering temperature decreases MRT,.
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4. Low values of austempering time allow to obtain a martensitic-
ausferritic matrix, meanwhile high values allow to obtain a full
ausferritic matrix, indicating the importance of this process para-
meter in the obtaining of the desired microstructure and the
importance of the determination of MRT},.

5. The maximum final dimensional change of a coupon occurs for a
final matrix with a maximum amount of martensite (for an
austempering time close to zero), whereas the minimum final
dimensional change occurs for a final matrix with a maximum
amount of austenite (for an austempering time less than MRT,).

The model presented in this work extends the use of numerical
methods in complex technological process with all the well-known
advantages that this implicates. Furthermore, this model allow to (a)
understand how some complex phenomena interact each other in the
three-step austempering heat treatment, (b) design ductile iron parts to
be heat treated, and (c) choose the appropriate values of the heat
treatment parameters to obtain the required mechanical properties.
Despite the metallurgical model represents adequately the considered
phase transformations, the microsegregation of alloy elements will be
included as part of future research in order to improve this model.
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