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Abstract: In high-temperature applications, like exhaust manifolds, cast irons with a ferritic matrix are mostly used. However, the increasing de-
mand for higher-temperature applications has led manufacturers to use additional expensive materials such as stainless steels and Ni-resist austen-
itic ductile cast irons. Thus, in order to meet the demand while using low-cost materials, new alloys with improved high-temperature strength and
oxidation resistance must be developed. In this study, thermodynamic calculations with Thermo-Calc software were applied to study a novel
ductile cast iron with a composition of 3.5wt% C, 4wt% Si, 1wt% Nb, 0‒4wt% Al. The designed compositions were cast, and thermal analysis and
microstructural  characterization were performed to validate  the calculations.  The lowest  critical  temperature of  austenite  to pearlite  eutectoid
transformation, i.e., A1, was calculated, and the solidification sequence was determined. Both calculations and experimental data revealed the im-
portance of aluminum addition, as the A1 increased by increasing the aluminum content in the alloys, indicating the possibility of utilizing the al-
loys at higher temperature. The experimental data validated the transformation temperature during solidification and at the solid state and con-
firmed the equilibrium phases at room temperature as ferrite, graphite, and MC-type carbides.
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1. Introduction

Exhaust  manifolds  deliver  hot  exhaust  gases  from  the
combustion  chamber  to  the  atmosphere  [1].  In  new  engine
designs that satisfy environmental and fuel consumption reg-
ulations [2], exhaust gas temperature can reach 1000°C. The
exhaust manifolds are exposed to elevated temperature for a
long time  and  to  continuous  thermal  cycles  during  the  en-
gine operation. Moreover, severe high-temperature oxidation
occurs  due  to  hot  exhaust  gas  flow.  Therefore,  mechanical
stability, thermal  fatigue  resistance,  and low thermal  expan-
sion of the material are significant criteria. High thermal con-
ductivity  and  low  thermal  expansion  coefficient  reduce  the
stress  produced  in  the  component  during  the  start-up  and
shutdown of the engine [1–5].

Due to the increase in exhaust gas temperature, manufac-

turers  are  in  search  of  new  materials  that  can  withstand
thermal and  mechanical  stresses  and  an  oxidative  environ-
ment [2–10]. In contrast to ferritic ductile cast irons, the de-
velopment  of  new  austenitic  stainless  steels  and  Ni-resist
austenitic  ductile  cast  irons  are  in  demand  due  to  the  high
thermal  stability  of  the  austenitic  matrix  [2,5,11].  However,
these  austenitic  alloys  are  more  expensive  because  of  their
chemical  composition  and  manufacturing  process.  To  meet
the demand while using low-cost materials, new alloys with
improved high-temperature strength and oxidation resistance
must  be  developed  [12–13].  Ekström  and  Jonsson  showed
that  ferritic  alloys  have  higher  thermal  conductivity  and
lower thermal expansion than austenitic alloys [3]. Neverthe-
less, the A1 temperature of SiMo alloy, which determines the
limit  of  its  service temperature,  is  approximately 820°C [4],
and  the  elastic  modulus  of  SiMo51  decreases  above  700°C 
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[3].  Therefore,  it  is  reasonable  to  develop  a  ferritic  ductile
cast  iron  with  a  higher A1 temperature  in  order  to  enhance
both thermal  and  mechanical  properties  at  higher  temperat-
ure.  In  the  alloy  design  of  ductile  cast  iron,  high  graphite
nodularity,  high  nodule  count,  and  homogeneous  graphite
distribution can be obtained with hypereutectic composition;
thus, C and Si should be selected to obtain a hypereutectic C
equivalent  (≥4.7)  for  casting  and  solidification  [14]. To  in-
crease  the A1 temperature, besides  Si,  other  alloying  ele-
ments such as Al, Ti, Nb, and W may be added to the com-
position [15–16]. Aluminum also increases the oxidation res-
istance by  forming  a  stabilized  oxide  layer  at  elevated  tem-
perature  [6,17].  Mechanical  properties  can  be  enhanced  by
the addition of carbide-forming elements such as Mo [6], Ti
[18], Nb [19], W [20], and Cr [21] up to 1wt% [6]. Among
these,  Ti  and  Nb enhance  mechanical  properties  at  elevated
temperature  by  forming  primary  carbides  that  are  stable  at
these temperatures [22–23].  However,  their  presence is  well
known to change the graphite morphology from spheroidal to
vermicular  [24–27], and  as  a  result,  the  mechanical  proper-
ties  are  lowered  [28–29], but  thermal  conductivity  is  im-
proved [30].

It  is important to obtain information about the effects of
alloying elements on transformation temperature and thermal
and mechanical properties before the alloys are actually pro-
duced  [31–34].  CALPHAD-based  approaches  have  been
used to provide such information and predict the transforma-
tion  temperature,  thermal  expansion,  type  and  amount  of
phases stable at studied temperature, solidification sequence,
and the oxide phases formed at any given temperature for the
designed alloy composition [35–36]. Thus, it is important to
perform  such  thermodynamic  calculations  as  preliminary
studies in order to determine the type and amount of the al-
loying elements.

In  this  study,  thermodynamic  calculations  employing
Thermo-Calc software were applied to study a novel ductile
cast  iron  with  a  composition  of  3.5wt% C,  4wt% Si,  1wt%
Nb, and 0–4wt% Al to reveal the possibility of its use in the
place of  commercial  ferritic  ductile  cast  irons  at  more  de-
manding  working  condition.  The  designed  compositions
were cast,  and  thermal  analysis  and  microstructural  charac-

terization were  performed  to  verify  the  thermodynamic  cal-
culations.

2. Methodology

2.1. Computational method

Thermodynamic  calculations  to  study  cast  iron  with  a
composition of 3.5wt% C, 4wt% Si, 1wt% Nb, and 0‒4wt%
Al were carried out with Thermo-Calc software. To determ-
ine  the Al temperature  of  the  studied  compositions,  the
TCFE6 database was used. The solidification sequence of the
compositions, which is important for castability, was studied
using the Scheil module.

2.2. Experimental procedure

After calculations, the alloys were produced as Y blocks
by  sand  casting  according  to  American  Society  for  Testing
Materials  (ASTM)  A536-84  standard.  For  this  process,  a  5
kg  charge  was  prepared  with  nodular  pig  iron  (4.30wt%  C
and  0.7wt%  Si),  ferrosilicon  (72wt%  Si),  ferroniobium
(70wt% Nb), and DIN 1020 steel. The charge was melted in
a 35 kW Inductotherm Induction Furnace with a capacity of
25  kg.  Just  before  the  melting  process  was  complete,  pure
aluminum  was  added  according  to  the  chosen  composition.
The melting process was completed at 1560°C and was fol-
lowed by a spheroidization process, which was carried out in
a SiC crucible. For the spheroidization process, a nucleation
agent  (75wt%  Si,  0.94wt%  Ca,  1.68wt%  Ce,  and  0.89wt%
Al)  and  a  magnesium-rich  alloy  FeSiMg  (45wt%  Si  and
7wt% Mg) for spheroidization were placed at the bottom of
the crucible  before  the  charge  was  poured.  After  the  spher-
oidization,  a  sample  from  the  molten  alloy  was  taken  by
pouring it  into a copper mold, and its chemical composition
was  verified  using  optical  emission  spectrometry  (OES,
Foundry Master). The rest of the molten metal was cast into
a  sand  mold  prepared  as  a  Y  block  according  to  ASTM
A536-84  standard. Table  1 presents the  chemical  composi-
tions of the cast alloys, which are in the required range as de-
signed.  The  main  composition  (3.5wt%  C,  4wt%  Si,  and
1wt%  Nb)  is  coded  as  specimen  0Al,  and  the  others  are
coded as 1Al, 2Al, 3Al, and 4Al for 1wt%, 2wt%, 3wt%, and

Table 1.    Chemical compositions of the cast alloys obtained by OES wt%

Alloy C Si Nb Al Mg Mn P S
0Al 3.57 4.04 0.96 0.02 0.074 0.231 0.0579 0.0282
1Al 3.46 3.96 0.97 0.97 0.082 0.235 0.0597 0.0285
2Al 3.47 3.99 1.03 2.03 0.078 0.245 0.0572 0.0321
3Al 3.52 4.07 1.02 3.05 0.081 0.225 0.0581 0.0287
4Al 3.54 4.05 1.04 4.03 0.079 0.228 0.0558 0.0355
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4wt% Al additions, respectively.
Both  microstructural  examinations  and  thermal  analysis

were applied to the cast alloys to validate the computational
results in  terms  of  (1)  the  phases  formed  during  solidifica-
tion, (2) critical temperature, and (3) the phases stable at the
room  temperature  (RT).  For  microscopic  examinations,  as-
cast  alloys  were  prepared  by  metallographic  methods  and
etched by both Nital (3vol% HNO3) and a color etchant con-
taining 10 g picric acid, 10 g NaOH, 40 g KOH, and 50 mL
distilled water.  The color etching process was carried out  at
100°C for  20 min.  Microstructural  characterization was car-
ried  out  using  light  microscopy  (LM,  Olympus  BX41M-
LED),  scanning  electron  microscopy  (SEM,  JEOL  JSM
6060),  and  energy  dispersive  spectrometry  (EDS,  IXRF).
The  phases  were  also  identified  using  X-ray  diffraction
(XRD,  Rigaku  Ultima+),  carried  out  with  Cu  Kα radiation
and  a  scanning  speed  of  1.0°·min−1.  The  determined  phases
were quantified according to International  Standards Organ-
isation  (ISO)  945-2,  using  an  image  analyzer  (Leica  Las
V4.12).  Thermal  analysis  was  carried  out  using  differential
thermal  analysis  (DTA,  Netzsch  STA  409  PG  Luxx).  The
DTA samples were heated to 1460°C at a rate of 5°C·min−1,
held at that temperature for 5 min, and then cooled to RT at a
rate of 5°C·min−1.  For mechanical characterization, hardness
measurement  was  carried  out  using  micro  Vickers  (Em-
coTest) under a 1 N load. The average values of 10 measure-
ments were  recorded,  and  standard  deviations  were  determ-
ined.

3. Results and discussion

3.1. Thermodynamic modeling

Carbon isopleth with respect to a constant 4Si1Nb com-
position is given in Fig. 1(a). According to this isopleth, the
composition with  3.5wt%  C  was  hypereutectic.  Solidifica-

tion  started  with  graphite  (G)  precipitation  from  liquid  (L),
continued  with  the  precipitation  of  MC-type  carbide,  and
ended after austenite (A) transformation. Upon cooling, aus-
tenite started to transform to ferrite  (F),  and the transforma-
tion was completed at A1 temperature. To understand the ef-
fect  of  aluminum  addition  on  the  austenite  to  ferrite  phase
transformation, the  aluminum  isopleth  of  3.5C4Si1Nb  con-
stant composition is given in Fig. 1(b). According to this iso-
pleth, with  increasing  aluminum  addition,  the  phase  trans-
formation  sequence  remained  the  same.  In  addition,  the
transformation temperature  increased.  Understanding  the  ef-
fect of aluminum addition on A1 temperature is important in
order  to  determine the maximum service temperature of  the
compositions.  As  given  in Fig.  2, aluminum  addition  in-
creased the A1 temperature due to the solubility of aluminum
in  ferrite  lattice  [37].  The A1 temperature  of  3.5C4Si1Nb
composition  (852°C)  increased  to  960°C  by  the  addition  of
4wt%  Al  in  3.5C4Si1Nb4Al.  In  commercial  SiMo  alloys,
this temperature has been reported as 820°C [4]. In the stud-
ied  alloy  system,  even without  aluminum addition,  a  higher
A1 value was achieved.

In high-temperature applications,  the thermal stability of
the materials  should  be  controlled  since  a  high  thermal  ex-
pansion  gradient  caused  crack  formation  under  thermal
cycles [38]. Thus, it is necessary to determine the thermal ex-
pansivity  of  the  phase  stable  up  to A1,  and  using  Thermo-
Calc, this property as regards the modified alloys can be cal-
culated  not  only  for  RT  but  also  for  elevated  temperature
[36]. The variation of the thermal expansivity of ferrite at RT
as  a  function  of  aluminum  content  is  depicted  in Fig.  3(a).
The diagram shows that as the aluminum content increased,
the  thermal  expansivity  of  ferrite  increased  due  to  the  high
solubility  of  the  aluminum  in  ferrite  [39].  The  break  in  the
linear  relationship  at  about  3.5wt%  Al  can  be  attributed  to
spin transfers of iron atoms due to impurities such as alumin-
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um [40]. In the graph, above 3.5wt% Al, the increase in ex-
pansivity continues with a similar slope. The dependence of
thermal expansivity on temperature is illustrated in Fig. 3(b).
For all  temperatures,  the expansivity increased with the alu-
minum content.  The Fig.  3(b) also shows the increase in A1

temperature by  aluminum  addition  and  the  linear  relation-

ship between temperature and expansivity was limited up to
the A1 temperature,  above  which  the  transition  from  body
centered cubic (bcc) to face centered cubic (fcc) lattice took
place.

Physical  properties  such  as  thermal  conductivity  and
thermal expansion coefficient can be affected by not only the
matrix phase but also the graphite phase [41–42]. In this con-
text, both the morphology and content of graphite phase as a
function of the alloying element should be studied. The vari-
ation of graphite content as a function of aluminum addition
was calculated, and the obtained data are given in Fig. 4. The
diagram shows that  aluminum addition had a decreasing ef-
fect on graphite content. In solidified cast irons, the accumu-
lation of aluminum atoms around the graphite phases causes
nonhomogeneous  diffusion  of  carbon,  resulting  in  a  change
in  its  content  as  well  as  morphology  [6]. The  thermal  ex-
pansivity of  the  materials  used  in  high-temperature  applica-
tions  is  another  design  criterion,  and  it  must  be  considered.
Calculations indicated that  the thermal expansivity of  ferrite
at RT increased by aluminum addition, limiting the use of the
alloy at higher concentration.

The analysis  of  the  phase  transformation should  also  be
followed by a study of the solidification sequence in order to
understand  the  effect  of  alloying  element  on  the  parameters
determining the castability (e.g., liquidus temperature, solidus
temperature, and initially solidifying phase). Fig. 5 illustrates
the  variation  of  the  mole  fraction  of  solid  phases  calculated
using Scheil  module  under  cooling  condition  with  no diffu-
sion  in  the  solid. Fig.  5 also indicates  the  solidification  se-
quence of  the  studied  compositions,  and  the  calculated  val-
ues of parameters such as liquidus temperature (TL), crystal-
lization  start  temperature  of  graphite  (TL+G),  MC  carbide
(TL+G+MC),  austenite (TL+G+MC+A),  and solidus temperature (TS)
are presented in Table 2. The solidification sequence was de-

termined as L → L + G → L + G + MC → L + G + MC +
A.  The  solidification  of  the  0Al  alloy  started  with  graphite
precipitation at 1229°C. Moreover, MC-type carbide precip-
itated from liquid  between 1174 and 1160°C due to  the  Nb
content.  Finally,  austenite  transformation  started  at  1160°C,
and  solidification  ended  when  austenite  transformation  was
completed at  1148°C.  For  1Al,  2Al,  3Al,  and  4Al,  with  in-
creasing aluminum  content,  the  solidification  sequence  re-
mained the same, and the solidification started at higher tem-
perature:  1278,  1325,  1363,  and  1397°C,  respectively.  All
crystallization temperature  was  affected  by  aluminum  addi-
tion;  they  increased  with  the  increase  in  aluminum  content
(Table 2).
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3.2. Evaluation of phase transformation by DTA

To validate the Thermo-Calc data, DTA was carried out,
and the obtained thermograms for heating and cooling condi-
tion  are  shown  in Fig.  6.  For  the  heating  condition  (Fig.
6(a)), all  phase  transformations  were  observed  as  endo-
thermic  peaks  at  several  temperature  ranges.  For  all  alloys,
the  transformation  sequence  was  the  same;  however,  the
peaks shifted to higher temperature as aluminum content in-
creased. In DTA, the heating condition allows to investigate
the A1 temperature of the modified alloys.  The measured A1

temperature was 862, 922, and 962°C for 0Al, 2Al, and 4Al,
respectively (Table 3). These values are comparable with the
data calculated by Thermo-Calc (Fig. 2). In the cooling con-
dition, with respect to solidification, TL+G, TL+G+MC, TL+G+MC+A,

ferrite  start  temperature  (TF),  and  ferrite  finish  temperature
(equal  to A1)  could  be  determined,  and  all  temperatures  are
listed  in Table  3.  Compared  with  the  calculated  value  by
Thermo-Calc (Fig.  1(b) and Table 2),  the DTA results  (Fig.
6(b) and Table  3)  under  cooling  condition  revealed  lower
crystallization temperature;  however,  there is  a  certain tend-
ency  with  respect  to  aluminum  content,  as  indicated  by
Thermo-Calc.

3.3. Microstructural and mechanical characterization

The  metallographically  prepared  samples  at  a  polished
condition were examined using LM to observe the change in
graphite content and morphology by aluminum addition. The
microstructures are shown in Fig. 7, and the data obtained by

Table 2.    Calculated solidification parameters for the studied alloys

Alloy TL / °C TL+G / °C TL+G+MC / °C TL+G+MC+A / °C TS / °C
0Al 1229 1229 1174 1160 1148
1Al 1278 1278 1208 1198 1157
2Al 1325 1325 1239 1221 1165
3Al 1363 1363 1267 1239 1170
4Al 1397 1397 1291 1248 1172
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image  analysis  for  content  and  morphology  of  graphite  are
given  in Fig.  8 and Table  4,  respectively. Fig.  8 shows  the
decrease  in  graphite  area  content  with  increasing  aluminum
addition, as predicted by the Thermo-Calc calculations (Fig. 4).
The  decrease  in  graphite  content  by  aluminum addition  has
also been reported by Soiński et al. [43]. The morphology of
graphite was determined according to DIN EN ISO 945-2. It
changed from spheroidal (VI) to irregular spheroidal (V) and
vermicular (III) as aluminum content increased (Table 4). A

similar  observation  on  the  deterioration  of  nodularity  has
been reported by Ibrahim et al. [6]. This was attributed to the
nonhomogeneous  and  irregular  accumulation  of  Al  around
the graphite nodules, resulting in a non-uniform diffusion of
carbon and the deformation of the graphite morphology [6].
Li showed that by using an effective nodularizer, this deteri-
oration effect could be decreased [44].

The  microstructural  feature  of  0Al  alloy  is  depicted  in
Fig. 9. As shown in the LM images (Figs. 9(a) and 9(b)), the

Table 3.    Critical temperature of the cast irons identified by DTA

Alloy TL+G / °C TL+G+MC / °C TL+G+MC+A / °C TF / °C A1 / °C
0Al 1264 1182 1052 1009 862
1Al 1279 1202 1192 1175 894
2Al 1330 1250 1190 1043 922
3Al 1353 1267 1210 1045 936
4Al 1386 1305 1245 1131 962
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Fig. 7.    LM images showing the graphite morphology in polished cast irons: (a) 0Al; (b) 1Al; (c) 2Al; (d) 3Al; (e) 4Al.
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matrix  consisted  of  spheroidal  graphite,  faceted  particles
(MC  carbides),  and  pearlite  (P)  embedded  in  ferrite.  The

SEM image (Fig.  9(c))  shows both the lamellar  structure of
pearlite and the blocky structure of Nb-rich MC carbide. All
alloys had similar microstructure,  which consisted of graph-
ite  and  carbides  in  the  ferritic  matrix  (Fig.  10);  however,  a
pearlitic structure was not visible due to the high concentra-
tion of silicon and aluminum, as these elements prohibit the
formation of pearlite [6,37,45]. The microstructural feature is
also validated by XRD data for the selected alloys (Fig. 11).
The  data  confirmed  that  MC-type  carbide  is  a  well-known
NbC  crystallized  in  an  fcc  structure.  For  the  0Al  alloy,  no
peak indicating pearlite was observed due to the small quant-
ity of this phase.

The aluminum addition not only affected the microstruc-
ture  but  also  affected  the  mechanical  properties  due  to  the
solid  solution  hardening  provided  by  the  high  solubility  of

Table 4.    Image analysis results for the graphite area content for different morphologies
as determined by DIN EN ISO 945-2 %

Alloy Vermicular (III) Irregular spheroidal (V) Spheroidal (VI) Others
0Al 11.3 54.1 28.8 5.7
1Al 14.5 54.5 26.6 7.4
2Al 16.2 50.1 25.3 8.4
3Al 24.0 44.3 22.8 8.9
4Al 20.1 48.2 19.9 11.8
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Fig. 8.    Change in graphite area with Al addition.
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aluminum  in  ferrite.  Hardness  measurements  revealed  this
effect  (Fig.  12), whereby  the  hardness  increased  with  alu-
minum addition.  The  0Al  alloy  had  a  slightly  higher  hard-
ness  value  than  the  commercial  SiMo  ductile  cast  iron
[31,46].

4. Conclusions

This study aimed to design a novel ductile cast iron com-
position that can withstand higher operating temperature and
costs  less  than  austenitic  ductile  cast  irons  and  stainless
steels, so that it can serve as an alternative to SiMo cast iron.
New alloy  compositions  were  designed and thermodynamic
calculation was  carried  out.  The  calculated  data  were  veri-

fied  by  experimental  studies.  The  whole  data  revealed  the
following:  (1)  for  all  alloys,  the  RT  phases  were  graphite,
NbC,  and  ferrite;  (2)  the A1 temperature  of  the  alloy  with
4wt%  Al  addition  reached  960°C,  indicating  that  the  alloy
can be used at higher temperature, compared to the commer-
cial  SiMo;  (3)  all  transformation  temperature,  including TL,
increased  with  aluminum  addition;  (4)  with  the  increase  in
aluminum content, the thermal expansivity of ferrite increased
and the graphite content decreased; (5) for all alloys, the so-
lidification  sequence  was  determined  as  graphite  formation
from liquid, followed by MC precipitation, and then austen-
ite  transformation;  (6)  with  aluminum addition,  the  graphite
content  decreased and the graphite  nodularity  changed from
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spheroidal to vermicular.
The current work is a preliminary study on the develop-

ment  of  novel  cast  iron  compositions  for  high-temperature
application.  It  revealed  that  4Al  alloy  has  a  great  potential,
compared to  the  commercial  SiMo cast  iron.  However,  fur-
ther  studies  will  be  carried  out  on these  alloys  to  determine
their  oxidation  behavior,  thermal  expansion  trends,  and
mechanical properties and decide on the most effective.
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