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CALPHAD-Based Modeling and Experimental
Validation of Silicon Effect on the Solidification
Behavior of Novel SiNb Cast Irons

GÜLŞAH AKTAŞ ÇELIK, Ş. HAKAN ATAPEK, ŞEYDA POLAT,
and GREGORY N. HAIDEMENOPOULOS

The low oxidation resistance of SiMo ductile cast irons used as exhaust manifold material at
high temperatures necessitates the development of new generation ductile cast iron composi-
tions. New alloy designs can be made using CALPHAD methodology, and solidification
sequence, segregation and critical phase transformation temperatures can be determined,
especially for the solidified bulk materials. Thus, in commercial practicality, castable compo-
sitions with a raised A1 temperature can be obtained. In this study, novel SiNb cast irons with
varying silicon contents were developed as candidate materials for exhaust manifolds.
Solidification sequence, microsegregation, phase transformations, equilibrium phases of
hypereutectic compositions containing 4 to 7 wt pct Si were calculated by CALPHAD-based
modeling. The bulk materials of the studied compositions were cast as Y blocks and
metallurgical analyzes were carried out. Studies revealed that; (i) in the ferritic matrix of the cast
irons, graphite, Nb-rich carbides and some pearlite existed, (ii) pearlite formation was due to the
negative segregation of silicon and positive segregation of manganese during solidification, (iii)
as silicon content increased the amount of silicon dissolved in ferrite phase increased in the
solidified structure and as a result pearlite formation decreased at the cell boundaries, and
amount of vermicular graphite increased, (iv) depending on the silicon content the critical A1

temperature varied between 860 �C to 1013 �C and these values were higher than that of SiMo
cast iron. All these findings revealed that SiNb cast irons had phase stability at higher
temperatures compared to SiMo cast iron.
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I. INTRODUCTION

AT present there are many vehicles having a variety
of motor power and the need for high power engines are
increasing day by day.[1] In the meantime, environmen-
tal concerns related to detrimental effects of exhaust
emissions result in more restrict regulations.[2] Both of
these conditions bring the requirements for an increase
in specific power output of the engines. As the power
output of the engines increases, the heat produced by the
combustion of fuel increases and exhaust gas

temperatures reach as high as 1000 �C.[3] Thus, exhaust
manifold materials having high temperature mechanical
and chemical stability at reasonable cost are needed.[4–6]

The materials currently used for exhaust manifolds
are either stainless steels or ductile cast irons having
ferritic and/or austenitic matrices.[7–9] Among them the
mostly used one is SiMo ferritic ductile cast iron that
meets ASTM A1095-15 standard, and it can perform up
to 750 �C. However, it has to be modified for use at
higher temperatures in place of costly stainless
steels[10,11] and Ni-resist alloys.[12] Modification is pro-
vided either by alloying elements like aluminum[13–16]

chromium,[13,17,18] nickel[18] or by changing silicon[14,19]

and molybdenum[20] content in order to increase the
maximum service temperature by increasing A1 temper-
ature and enhance not only mechanical properties but
also oxidation resistance.[13,18,21,22] In SiMo cast irons,
silicon and chromium solutes present in the bcc matrix
are responsible for extending the ferritic phase field thus
shifting A1 to higher values.[14] Besides these solutes,
thermodynamical calculations on the alloying effect on
A1 temperature have revealed that the addition of
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aluminum to commercial SiMo cast iron increases this
critical temperature.[14,23] It is a fact that silicon,
aluminum, and chromium that have solubility in ferrite
make the cast iron harder by solute solution hardening
mechanism while carbide forming elements like chro-
mium and molybdenum enhance mechanical properties
through precipitation hardening mechanism.[17]

Although molybdenum is a main carbide forming
element, it has a decreasing effect on A1 temperature[23]

and also causes a decrease in fatigue resistance and
toughness due to the precipitation of Mo-rich carbides
at cell boundaries.[17,24] The effect of modifying elements
on the oxidation behavior of SiMo cast irons has been
extensively studied and the findings have shown that
alloying elements like Si, Al, Cr and Ni increase the
oxidation resistance by forming stable oxide layers on
the surface.[13,14,18] Among all these alloying elements
silicon and aluminum are the only ones that provide
higher A1 temperature, higher mechanical properties,
and better oxidation resistance at the same time.[25]

In order to eliminate the detrimental effects of
molybdenum, a new cast iron has been designed by
Aktaş Çelik et al. by replacing it with a carbide forming
element like Nb that provides higher A1 temperature
and causes homogeneously distributed carbides in the
matrix, not at the cell boundaries.[21,25] In these studies,
it is aimed to (i) provide a similar Ceq as conventional
SiMo cast iron, (ii) keep silicon content at 4 wt pct to
benefit from its enhancing effect on both A1 temperature
and oxidation resistance and (iii) investigate the results
of aluminum addition (up to 4 wt pct) on phase
transition, microstructural features, and oxidation
behavior in air atmosphere. Recently Gonzáles-Marti-
nez et al. have reported that microstructural features,
phase transformation and mechanical properties of the
ferritic ductile cast iron are strongly affected by the
silicon addition up to 9.12 wt pct Si.[26,27] The findings
show that although silicon has a detrimental effect on
graphite nodularity, as the silicon content increases, A1

temperatures of the studied cast irons increase.[26]

However, reasonable mechanical properties are
obtained by the addition of silicon up to 5.34 wt
pct.[27] These results indicate a need for studying the
effect of silicon content in the newly developed SiNb cast
iron and in this study thermodynamical calculations and
their experimental verification are carried out on xSiNb
(x: 4 to 7 wt pct) cast irons.

II. COMPUTATIONAL METHOD

Thermodynamical calculations are carried out using
Thermo-Calc software TCFE6 database. In the calcu-
lations, the compositions listed in Table I are used. The
amount of carbon varies in the studied cast irons
because it is aimed to provide a carbon equivalent (Ceq)
that will give a hypereutectic composition and enhance
the primary graphitization. Thus, the carbon content
decreases with respect to the increasing silicon amount
according to the formula given in Eq. [1]. In the selected
compositions, the Ceq value is provided as to be above
4.3 in order to ensure hypereutectic composition.

Ceq ¼ Cþ 1

3
Siþ Pð Þ ½1�

In the calculations for each cast iron; (i) carbon
isopleths indicating the equilibrium phases are plotted as
composition versus temperature, (ii) critical tempera-
tures like liquidus temperature (TL), solidus temperature
(TS), austenite-ferrite transformation temperature (A1)
are determined, (iii) solidification sequences are followed
using the Scheil module, (iv) microsegregation is mon-
itored during solidification, and (v) the amount of
stable phases at room temperature (RT) are found.

III. EXPERIMENTAL PROCEDURE

A. Production of the Cast Irons

Cast irons are produced by sand mold casting as Y
blocks according to ASTM A536-84 standard
(Figure 1). The charge is prepared using nodular pig
iron (4.30 wt pct C, 0.7 wt pct Si), ferrosilicon (72 wt pct
Si), ferroniobium (70 wt pct Nb) and DIN 1020 steel.
The melting process is carried out using a laboratory

Table I. Chemical Compositions Used in Thermo-Calc

Calculations (Wt Pct)

Cast Iron C Si Nb Mn Ni

4SiNb 3.50 4.00 1.00 0.15 0.05
5SiNb 3.20 5.00
6SiNb 3.00 6.00
7SiNb 2.80 7.00

Fig. 1—A macro image of Y block.
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scale (25 kg) induction furnace (Inductotherm, 35 kW)
and completed at 1560 �C. Spheroidization process is
performed in a SiC crucible using a nucleation agent (75
wt pct Si, 0.94 wt pct Ca, 1.68 wt pct Ce, 0.89 wt pct Al)
and a magnesium rich alloy FeSiMg (45 wt pct Si, 7 wt
pct Mg). In order to verify the chemical composition, a
sample is taken from the molten alloy and analyzed by
optical emission spectrometer (OES, Foundary Master).
Table II shows the chemical compositions of the cast
irons and good agreement is achieved with the compo-
sitions used in Thermo-Calc calculations. The casting
process is repeated until (i) nominal compositions are
reached, (ii) nodular graphite morphology is attained,
and (iii) casting defects (i.e. blowholes, open holes,
pinholes and shrinkage cavity, etc.) are avoided.

B. Characterization of the Cast Irons

In order to verify the thermodynamic calculations, cast
irons are characterized by microstructural examinations
and thermal analyses. Thus, phases formed during
solidification, transition temperatures (especially A1)
and stable phases within the solidified structure are
obtained. The samples are taken from the marked region
of Y block given in Figure 1 according to the ASTM
A536-84 standard. A standard metallographic procedure
is carried out and polished samples are etched by 3 pct
Nital solution. In microstructural characterization, pol-
ished cast irons are examined by light microscope (LM,
Olympus BX41M-LED) and etched cast irons are char-
acterized by scanning electron microscope (SEM, Jeol
JSM 6060) and energy dispersive spectrometer (EDS,
IXRF). Both morphology and amount of graphite
embedded in the matrix are quantified according to ISO
945-2, by image analyzer (IA, Leica Las V4.12). In order
to identify the phaseswithin the solidified structure,X-ray
diffraction studies (XRD, Rigaku Ultima+) are carried
out using Cu Ka radiation and a scanning speed of 1.0
deg min�1. Differential Thermal Analyzer (DTA, Net-
zsch STA 409 PG Luxx) is used by heating the samples to
1460 �C with a heating rate of 5 �C min�1 and then
cooling to room temperature with a rate of 5 �C min�1 in
order to verify the solidification characteristics and phase
transition in cooling.

IV. RESULTS AND DISCUSSION

A. Phase Calculation and Microstructural Features
of Cast Irons

The C-isopleths for SiNb cast irons having different
silicon contents are given in Figure 2. The carbon
concentrations are marked with red dashed lines in these

isopleths. All compositions have hypereutectic carbon
concentrations and as silicon content increases the
carbon content decreases in the cast irons (Figure 2),
due to its decrease in the eutectic transformation.[28]

Phase transformations start with nucleation of the
graphite (G) from the liquid phase (L) for all compo-
sitions, followed with precipitation of MC carbide and
austenite (A) crystallization from the liquid. As cooling
proceeds, ferrite (F) starts to form from the austenite
and the transformation is completed at A1 temperature.
All cast irons have ferrite, MC carbide and graphite
phases at RT. Even though, all cast irons have same
transformation sequence and same RT phases, the
silicon content affects the transformation temperatures
and phase fields. As the silicon content increases in the
cast iron, (i) the primary MC carbide becomes stable at
higher temperatures resulting in the expansion of L-MC
phase field since silicon has not only graphitization
potential but also it promotes carbide formation during
solidification due to its inverse segregation,[29] (ii) ferritic
phase field increases causing the decrease of A+G+
MC phase field due to its high solubility in ferrite, as a
result of which austenite transformation to ferrite shifts
to higher temperatures and as it can be seen at the
highest silicon content (7 wt pct), A+G+MC phase
field almost disappears and crystallization of ferrite can
be observed followed by eutectic reaction,[28] (iii) a
significant increase in A1 is determined as shown in
Figure 3. Considering the lowest (4 wt pct) and the
highest (7 wt pct) silicon contents the obtained A1

temperatures are 853 �C and 1065 �C, respectively.
The variation of graphite and MC carbide mole

fractions as a function of silicon content for the studied
compositions are calculated and given in Figure 4. It is a
fact that silicon promotes nucleation of graphite,
increasing the number of graphite nodules,[30,31] how-
ever, as the silicon content increases graphite mole
fraction decreases due to the decreasing carbon content
in the studied compositions (Figure 4(a)). On the other
hand, increasing silicon content causes a decrease in
cooling rate during solidification which slows down the
carbon diffusion to the graphite nodules that are
surrounded by austenite. Therefore, it is expected that
the growth of graphite nodules is inhibited.[32] Although
MC carbide formation during solidification is promoted
by increasing silicon content as discussed above, the
slight decrease in MC mole fraction shown in
Figure 4(b) can be attributed to the decrease in carbon
content in the liquid phase.
In order to show the phases present in the microstruc-

tures of the cast irons at RT, SEM micrographs of
4SiNb and 7SiNb cast irons are given in Figure 5. In the
microstructure of 4SiNb, graphite nodules embedded in

Table II. Chemical Compositions of the Cast Irons Obtained by OES (Wt Pct)

Cast Iron C Si Nb Mg Mn P S Ceq

4SiNb 3.57 4.04 0.96 0.074 0.23 0.057 0.028 4.66
5SiNb 3.21 5.06 0.97 0.081 0.23 0.057 0.028 4.86
6SiNb 3.08 6.04 1.06 0.080 0.22 0.059 0.027 5.00
7SiNb 2.85 7.06 1.05 0.075 0.22 0.057 0.028 5.13
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ferrite, pearlitic (P) regions at cell boundaries with
precipitates within them are observed along with faceted
precipitates. In order to identify the nature of the
precipitates in the microstructure, EDS analyses are
carried out at points #1 and #2 shown in Figure 5(a).
The results reveal that the faceted carbide at #1 is NbC
with a composition of 93.42 wt pct Nb, 6.58 wt pct C.
The studies have shown that faceted primary MC type
carbides form in ductile cast irons modified by nio-
bium.[33,34] The precipitate within the pearlitic region
(#2) has a composition of 2.75 wt pct C, 97.25 wt pct Fe
indicating the presence of an iron rich M3C carbide. As
it is known M3C type carbide can be present in the
ledeburitic structure as a result of eutectic transforma-
tion in cast irons.[35–39] The presence of pearlitic regions
and M3C carbides at cell boundaries are caused by
elemental microsegregation that takes place during
solidification in ductile cast irons.[40,41] The negative
segregation of silicon and positive segregation of man-
ganese promote the formation of M3C type carbide at
cell boundaries during solidification along with the

Fig. 2—The C-isopleths of xSiNb cast irons; (a) 4SiNb, (b) 5SiNb, (c) 6SiNb and (d) 7SiNb.

Fig. 3—The effect of silicon content on A1 temperatures of the
studied cast irons.
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eutectic transformation and such microsegregations also
promote pearlite transformation during eutectoid reac-
tion.[40,41] It is known that silicon suppresses cementite
precipitation and manganese promotes cementite pre-
cipitation by taking place within the cementite[42] and as
seen in Figure 5(b), a full ferritic matrix having no
pearlitic structure is observed in the microstructure of
7SiNb cast iron. The XRD spectra given in Figure 6 also
help to identify the microstructural features and are
consistent with the SEM observations. The increasing
silicon content inhibits cementite precipitation as dis-
cussed above; thus, cementite peak does not appear
especially in 6SiNb and 7SiNb cast irons’ spectra. Even
though Thermo-Calc calculations do not indicate the
formation of pearlitic structure, due to the local
segregation presence of pearlitic regions within the
solidified structure is inevitable.

Image analysis is used to calculate the amounts of
phases in the cast irons and results are given in Table III.
The graphite content decreases as silicon content

Fig. 4—Calculated (a) graphite and (b) MC mole fractions as a function of silicon content for the studied compositions.

Fig. 5—SEM micrographs of (a) 4SiNb and (b) 7SiNb cast irons.

Fig. 6—XRD patterns of the studied cast irons.
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increases in the cast irons as calculated by Thermo-Calc.
The studies have shown that silicon takes place in
graphite crystal and promotes its nucleation causing an
increase in the number of graphite,[30,31] besides graphite
morphology depends on the solidification rate.[32] The
decrease in cooling rate causes slower encapsulation of
graphite by austenite, thus graphite content in the
matrix decreases due to the inhibited growth of nucle-
ated graphite, besides nodular morphology of graphite is
deteriorated.[32,43] This effect of cooling rate becomes
clearer as the silicon content gets over an optimum value
(max. 5 wt pct). Although all cast irons have the same
Nb content, NbC amount in the solidified volume
changes and it decreases as the silicon amount increases
causing a decrease in carbon content to optimize the
carbon equivalent. On the other hand, as the silicon
content increases localized pearlitic regions decrease in
the microstructures (Figure 7) and disappear completely
in the 6SiNb and 7SiNb cast irons. As silicon content
reaches to 6 wt pct, despite its inverse segregation, the
amount dissolved at cell boundaries is high enough to
avoid cementite precipitation.

The solidification of hypereutectic ductile cast irons
starts by nucleation of graphite from liquid and growth
of graphite during solidification takes place by the
diffusion of carbon from liquid. As cooling continues
the graphite nodules are encapsulated by austenite that
nucleates from liquid, therefore carbon has to pass
through austenite for the growth of encapsulated
graphite. In case of slow cooling, encapsulation of
graphite nodules by austenite happens at a slower rate
and carbon diffusion takes place from liquid at a higher
rate at unencapsulated regions as a result of which
graphite grows towards liquid phase and its nodularity
gets deteriorated. At higher cooling rates, the graphite
nodule is homogeneously encapsulated by austenite and
carbon diffusion continues through austenite all around
graphite causing its growth in nodular morphol-
ogy.[32,43] As silicon content in the liquid composition
increases the supercooling at the austenite–liquid inter-
face is affected and increased silicon content causes
lower cooling rate.[26,30–32,44] Chen et al. have reported
that besides silicon effect, graphite nodularity is also
affected by niobium which decreases carbon diffu-
sion.[34] Besides the chemical composition of the cast
iron,[14] quality and efficiency of inoculation and
spheroidization treatments during casting also affect
the graphite nodularity as well as the composition of the
agents used.[30,31,45] The graphite morphologies of the
studied cast irons are classified according to DIN EN
ISO 945-2 and the change in morphology is evaluated
with respect to the increasing silicon content. In

Figure 8, the LM images of the polished samples used
in image analyses are given. The standard describes the
graphite morphologies as; vermicular (III), semi-spher-
oidal (V), spheroidal (VI) and unclassified (other). The
image analyses data for graphite morphology is given in
Table IV. In all cast irons, the dominant morphology is
semi-spheroidal (V) and as silicon content of the cast
iron increases the vermicular graphite (III) increases and
nodularity decreases (V and VI). Earlier studies have
shown that the decrease in cooling rate due to increased
silicon content causes the loss of nodularity of
graphite.[26,30,31,44]

B. Solidification Sequence and Microsegration

The determination of the solidification behavior of the
studied cast irons is important for controlling their
castability and microstructural features. The Scheil
module of Thermo-Calc software provides models to
determine the temperatures where the solidification
starts and finishes and the temperature range where
the cast iron can be cast. It also provides information
about the phase transformations during solidification
and their temperatures, thus helps to decide on the
casting procedures for controlling microstructural fea-
tures. In case of casting, a cast iron having a primary
carbide forming element like niobium in its composition,
the size and distribution of carbides can be controlled by
the knowledge of temperature range for the carbide
formation. The solidification curves calculated for the
cast irons are given in Figure 9. In all cast irons,
solidification starts from the liquid by the nucleation of
graphite. Since the Ceq values of the compositions are
close to each other, the critical temperatures for the start
of solidification (TL) are similar, but as silicon content
increases it changes between 1229 �C and 1279 �C. After
graphite transformation (L+G), MC carbide crystal-
lizes from the liquid (L+G+MC) and the solidifica-
tion is completed by austenite transformation
(L+G+MC+A) in 4SiNb, 5SiNb and 6SiNb cast
irons. On the other hand, solidification is finalized after
austenite transformation by crystallization of ferrite
(L+G+MC+A+F) in 7SiNb cast iron. Earlier
studies have shown that at higher silicon contents
solidification of the cast iron from liquid is completed
by ferrite crystallization from liquid.[26] However, this
takes place at a very narrow temperature range (~ 1 �C)
and can be ignored in practical applications. The
solidification temperatures (TS) of the studied cast irons
increase as their silicon contents increase and vary
between 1148 �C and 1163 �C. The solidification ranges
(TL–TS) of the cast irons are suitable for practical
casting applications.
The phase transformation temperatures can be deter-

mined by thermal analyses[46,47] and in order to compare
the solidification range of the cast irons with the
calculated values, the DTA thermogram is useful in
determining both TL and TS temperatures in the cooling
condition. The DTA thermogram is used in the heating
condition to determine the A1 temperature (Figure 10),
which can reflect the high temperature properties of cast
irons and is an important phase transformation

Table III. Amount of Phases Determined by Image Analyses
(Area Pct)

Cast Iron Graphite NbC Pearlite

4SiNb 7.3 ± 0.3 1.13 ± 0.04 0.05 ± 0.010
5SiNb 6.9 ± 0.3 1.10 ± 0.03 0.02 ± 0.005
6SiNb 6.4 ± 0.4 1.07 ± 0.05 —
7SiNb 6.1 ± 0.2 1.04 ± 0.04 —
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temperature. In Table V, the critical temperatures are
given as a list and compared with the calculated values.
As can be seen from Table V, there are slight differences
between the calculated (T–C) and measured (DTA)
values which may be related with the presence of Mn,
Mg, P, S and other trace elements in the real compo-
sitions. On the other hand, it’s a fact that the selected
heating/cooling rate affects all critical temperatures in
DTA measurements. Thus, this discrepancy between
calculated and measured values depends on not only
chemical variation but also the effect of kinetics. The
crystallization temperatures of graphite, MC carbide
and austenite from liquid under cooling condition can
be followed and they are denoted by TG, TMC and TA,
respectively in Figure 10(a). By considering heating

condition given in Figure 10(b), the ferrite transforma-
tion temperature (TF) from austenite and eutectoid
transformation temperature (A1) are also shown. Ther-
mograms in heating condition have revealed that as
silicon content increases both TF and A1 temperatures
shift to higher values. In the heating thermogram of
7SiNb cast iron, A1 reaches to 1000 �C and TF peak
cannot be identified. By considering the isopleths given
in Figure 2, it is clear that as silicon content increases
ferrite phase field expands and A1 temperature shifts to
higher temperatures. In this case, as silicon content
changes from 4 to 7 wt pct, it is inevitable that a
difference of 153 �C appears. It is also clear that the A1

temperatures are constant in isopleth of each composi-
tion even though carbon content varies. In calculation,

Fig. 7—The LM images showing the pearlitic regions within the cast structures of 4SiNb (a) and 5SiNb (b).

Fig. 8—LM images of the polished samples used in image analyses (a) 4SiNb, (b) 5SiNb (c) 6SiNb and (d) 7SiNb.
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Nb content is kept at a constant value as 1 wt pct to
avoid its effect on A1 temperature. In castings both Si
and Nb contents vary approximately ± 0.05 wt pct
compared to nominal compositions, which should be
considered as negligible. When its isopleth calculated by
Thermo-Calc is examined, it can be seen that the
A+G+MC phase area is very small to be identified
and the phase area F+A+G+MC starts just below
the eutectic temperature where ferrite transforms from
liquid. Thus, it can be concluded that TF and TA overlap
in the thermogram of this cast iron. However, as can be

seen from Figure 10(a), when the cooling thermogram of
7SiNb cast iron is considered, TF is determined as 1150
�C, and when this temperature is reached, ferrite
crystallizes from the liquid. Gonzáles-Martinez et al.
have shown that in a cast iron having 9 wt pct Si, no
peak can be determined for eutectoid transformation in
thermal analyses studies and the solidification of the cast
iron is completed by ferrite crystallization and no other
transformation occurs during cooling down to RT.[26]

The mole fraction of the phases during solidification
are calculated by Thermo-Calc and phase profiles are
determined as given in Figure 11. The ‘‘0’’ point
indicates liquid phase and ‘‘1’’ point indicates comple-
tion of solidification. The graphite profiles during
solidification of the cast irons are given in
Figure 11(a). In all the cast irons, graphite nucleation
starts at the beginning of the solidification and rapid
increase is observed in its content. Graphite formation
continues till the end of solidification, and it changes
linearly. Slope change can be seen in 7SiNb cast iron
profile at 0.3 mole fraction of solid, indicating the
formation of another phase (ferrite as it will be discussed
below). Due to the similar Ceq values of the cast irons,
only small changes are observed in the amount of
graphite formed at the end of the solidification. The MC
carbide nucleation starts at the beginning of the solid-
ification similar to the case of graphite (Figure 11(b)).
MC amount at the end of solidification is similar for all

Table IV. Change in Graphite Morphology in the Studied

Cast Irons (Area Pct)

Cast
Iron

III V VI

Other

4SiNb 11.3 54.1 28.8 5.7
5SiNb 12.1 53.6 31.0 3.2
6SiNb 21.1 49.9 21.9 7.1
7SiNb 20.8 49.3 23.4 6.5

Fig. 9—Solidification sequence of xSiNb cast irons.
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cast irons, it is only slightly affected by their silicon
content. According to the literature, elements that
promote graphite formation in cast irons cause a
decrease in carbide formation due to the decreased
carbon content in the liquid phase.[29,48] In all the
studied cast irons, crystallization of the austenite phase
from liquid starts right after the formation of graphite
and MC carbide and continues till the end of the
solidification (Figure 11(c)). In the profile of 7SiNb cast
iron given in Figure 11(d), a slope change is observed at
0.3 mole fraction of solid which clearly indicates
formation of ferrite phase resulting in a decrease in
austenite content.

Calculations indicate that the first phase to crystallize
from the liquid is the austenite phase. Thus, elemental
segregation in solidification is followed by the partition
of solute element atoms at the liquid–austenite interface.
The partition coefficient (k) gives the ratio of the
elemental concentration in the solid phase to the
elemental concentration in the liquid phase. If k is less
than 1 during solidification, the liquid phase is enriched
in elements. In the process where the solidifying phase
from the liquid is austenite, microsegregation is charac-
terized by partition coefficient (kc) of the austenite
phase. In the austenite phase, the amount of segregation
of elements (C, Nb) with a low partition coefficient (in
the case of k< 1) towards the liquid is higher. As a

matter of fact, in a study in which equilibrium partition
coefficient values are calculated with Thermo-Calc
software with the CALPHAD approach,[49] the kc
values for carbon and niobium in austenite are calcu-
lated as 0.19 and 0.4, respectively. In this case, a positive
segregation tendency of these two elements occurs.
Silicon is another solute element in the austenite phase,
and its relatively higher kc value (0.77) compared to
these two elements (C and Nb) indicates that it has a
negative segregation tendency. In this study, elemental
microsegregations within the austenite phase are also
calculated during solidification. The elemental profiles
showing the changes in the amounts of C, Si, Nb and
Mn are given in Figure 12 as a function of the mole
fraction of solid. The carbon segregation within austen-
ite is shown in Figure 12(a) and a decrease is observed at
the beginning of the solidification due to the nucleation
of the graphite. As solidification progresses positive
segregation of carbon is observed in all cast irons;
however, the segregation is not very strong, the compo-
sition of carbon changes only slightly, except towards
the end of solidification the amount of carbon in
austenite phase increases. These findings are in good
agreement with earlier studies reporting positive segre-
gation of carbon in austenite.[50] The carbon content in
austenite phase decreases in the cast irons as their silicon
content increases due to (i) the decrease in the solubility

Fig. 10—DTA thermograms of the studied cast irons for (a) cooling and (b) heating.

Table V. Critical Temperatures of Cast Irons Identified by Calculations (T–C) and DTA (�C)

Cast Iron

TG TMC TA TF A1

T–C DTA T–C DTA T–C DTA T–C DTA T–C DTA

4SiNb 1229 1289 1174 1244 1160 1160 902 976 853 860
5SiNb 1223 1312 1212 1270 1162 1158 972 1054 916 912
6SiNb 1248 1305 1246 1278 1164 1162 1102 1112 975 951
7SiNb 1279 1321 1270 1268 1164 1150 1148 1150 1065 1013
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of carbon in austenite with the increased silicon con-
tent[51] and (ii) the decrease in carbon in the chemical
composition. The decrease in carbon profile of 7SiNb
has a slope change at the mole fraction which ferrite
forms and an increase in carbon, dissolved in austenite
phase, is observed. Thus, the decrease in carbon mole
fraction slows down. The reason why the carbon
increases in austenite is due to the increase of carbon
in liquid phase since it has low solubility in ferrite.[50]

The silicon segregation in austenite phase during solid-
ification of the cast irons is given in Figure 12(b). As it is
known, silicon has inverse segregation during solidifica-
tion due to its high solubility in fcc crystal and the
silicon mole fraction decreases at austenite cell bound-
aries.[40,41,52] This inverse segregation is observed in all
the studied cast irons. In 7SiNb cast iron, the increasing
silicon mole fraction in austenite phase slows down due
to the formation of ferrite. The silicon solubility in
ferrite phase is high and this causes a decrease in silicon
content in liquid phase during crystallization of ferrite
and causing a decrease in silicon in the austenite phase.
The niobium segregation in austenite is given in

Figure 12(c), indicating the decrease in niobium content
in the liquid phase at the beginning of solidification
when MC carbide starts to precipitate. Thus, a sharp
decrease in niobium mole fraction is seen in all cast irons
and continuous decrease is observed during solidifica-
tion. The niobium solubility in austenite decreases as
silicon content increases, which has been reported also
by Mohrbacher earlier.[51] Figure 12(d) shows the
positive segregation of manganese in austenite as
reported in an earlier study,[50] as a result of which
manganese mole fraction in austenite continuously
increases during solidification.
SEM/EDS studies are carried out at the areas between

the graphite nodules and the cell boundaries in order to
observe the tendency of elemental microsegregations of
C, Si, Nb and Mn and to compare with the results of
thermodynamical modelling. The cell boundaries are
defined from graphite phase towards pearlite in the
matrices of both 4SiNb and 5SiNb cast irons and from
graphite phase towards carbide phase in the matrices of
both 6SiNb and 7SiNb cast irons which do not have
pearlite in their microstructures. The boundaries and the

Fig. 11—Phase profiles of the cast irons during solidification; (a) graphite, (b) MC carbide, (c) austenite and (d) ferrite.
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points for elemental analyses for 4SiNb and 7SiNb are
shown in Figures 13(a) and (b), respectively. The
obtained data are used in the scatter plots given in
Figure 14 and as can be seen clearly the segregation
behavior of the elements are in good agreement with
those determined by thermodynamical calculations. As
can be seen, the elemental segregation trend determined
by EDS analyzes within the defined limits shows a
similar trend with the calculated segregation profiles.
However, the collection of signals with a certain width
and depth at the high acceleration voltage studied,
causes the quantitative values to be relatively higher
than the calculated ones. During solidification, positive
segregation of carbon towards cell boundaries and
formation of carbon-rich phases at the boundaries is
inevitable (Figure 14(a)). The negative segregation
tendency of silicon (Figure 14(b)), as discussed before,
leads to the formation of pearlite at the boundaries,
however as the silicon content dissolved in the matrices
of 6SiNb and 7SiNb cast irons increases pearlite
formation is avoided (Table III). The EDS data reveal
that niobium, which has solubility in ferrite, shows
positive segregation tendency towards cell boundaries

and supports carbide formation at those boundaries in
the final solidified structure (Figure 14(c)). Manganese is
another pearlite forming element and shows segregation
towards the boundaries during solidification
(Figure 14(d)). However, due to the dominant effect of
silicon, pearlite formation by manganese is limited
(Table III).

V. CONCLUSION

In this study, the solidification behaviors of xSiNb
cast irons, that are designed as alternatives to SiMo cast
irons, were CALPHAD-based modeled and cast struc-
tures were metallurgically characterized. Modeling stud-
ies indicated that the amount of graphite and MC in the
ferrite matrix decreased in the final solidification struc-
ture due to the increase in silicon content. Quantitative
analyses of casting structures had confirmed such a
trend. Both modeling and experimental studies indicated
that (i) silicon had a negative segregation tendency and
such an effect was responsible for the suppression of the
formation of pearlite phase at the cell boundaries, (ii)

Fig. 12—Element profiles of the austenite phase during solidification; (a) C, (b) Si, (c) Nb and (d) Mn.
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Fig. 13—SEM micrographs used for microsegregation; (a) 4SiNb and (b) 7SiNb.

Fig. 14—EDS data showing the elemental segregations in ferrite phase for he studied cast irons; (a) C, (b) Si, (c) Nb and (d) Mn.
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silicon content had an increasing effect on A1 temper-
ature providing the utilization at higher temperatures,
and (iii) the highest A1 temperature as 1013 �C could be
obtained at the highest silicon content (7 wt pct).
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