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Hot Oxidation Resistance of a Novel Cast Iron
Modified by Nb and Al Addition for Exhaust Manifold
Applications

GULSAH AKTAS CELIK, S. HAKAN ATAPEK, SEYDA POLAT,
MARIA-IOANNA T. TZINIL, and GREGORY N. HAIDEMENOPOULOS

In this study, high-temperature oxidation behavior of ductile cast irons designed by Nb and Al
addition (3.5 wt pct C, 4 wt pct Si, 1 wt pct Nb, 0 to 4 wt pct Al) is studied to develop an alloy
that can perform better at elevated temperatures compared to commercial SiMo alloy. In the
designed alloy, Mo is replaced by Nb as ferrite stabilizer and carbide former and has advantages
compared to Mo since it does not form a network structure in the solidified matrix. Aluminum is
added to the composition to inhibit the pearlite formation by causing inverse segregation of
silicon that results in stabilizing ferrite and to obtain Al-rich protective oxide forms on the
surfaces. Initially microstructural features of SiMo and designed alloys were examined, and
modeling studies were carried out by Thermo-Calc software to determine the phases formed at
high temperatures that are slightly below and above the A; temperatures of the alloys.
Oxidation kinetics of SiMo and the designed alloys were determined by thermogravimetric
analyses followed by oxidation tests at 750 °C, 800 °C and 850 °C in an air atmosphere furnace.
The cross-sections and surfaces of the oxidized alloys were then characterized by microscopical
studies and X-ray diffraction. The results revealed that all designed alloys exhibited better
oxidation resistance at all studied temperatures than commercial SiMo alloy, and as aluminum
addition increases, better performance is obtained because of the formation of Al-rich protective
oxide layers. Thus, the designed alloys can be suggested as alternative exhaust manifold

®

Check for
updates

materials at elevated temperatures.
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I. INTRODUCTION

IN the automotive industry, even though the require-
ments for lightweight materials have increased to save
fuel and reduce emissions, iron-based cast components
are still being used since they have relatively low cost
and display reasonable mechanical properties.'
Although several non-ferrous alloys like aluminum™
and magnesium™ alloys and polymer-based compos-
ites!® can be good candidates for many automotive
components due their low density and reasonable
mechanical properties, in an exhaust system the major
design criterion is high temperature resistance and
mentioned materials cannot meet this requirement.[’ )
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METALLURGICAL AND MATERIALS TRANSACTIONS A

In an exhaust system, not only cast irons!'>'! and

stainless steels!'>"! having ferritic and austenitic
matrixes but also Ni-resist alloys!'*! can be used. Among
these materials, SiMo ductile cast irons and their
modified versions can be used to meet the stringent
emission standards, environmental protection and fuel
economy regulations.”™'" Their microstructure and
mechanical properties undoubtedly play an important
role in meeting these requirements. Commercial SiMo
cast irons meet the ASTM A1095-15 specification and
have graphite with varying morphology (spheroidal,
compacted and mixed) embedded in a ferritic matrix.
Such a microstructure provides high thermal conduc-
tivity, low coefficient of thermal expansion and good
mechanical properties, which are used in the material
selection index for an exhaust manifold.l”"'>'®! Exhaust
manifolds are subjected to high temperatures and (i)
high thermal conductivity material provides fast cool-
ing, providing short-term exposure to operating tem-
perature; (i) low thermal expansion coeflicient prevents
cracks forming due to thermal fatigue®®!'”:; (iii) a
stable microstructure guarantees good mechanical prop-
erties."®! Despite these advantages, SiMo cast irons can
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only be used up to 820 °C due to their low A,
temperature!’™ and low oxidation resistance.”’’ Thus, a
new alloy design to overcome all aforementioned
capabilities and shortcomings is needed.

Many studies can be found in the literature for
modification of SiMo composition by changing silicon
and molybdenum contents.”>'”) Although high silicon
content increases A; temperature and provides oxida-
tion resistance by formation of Si-rich oxide layer at
high temperatures, Gonzalez-Martinez et al. reported
that the optimum silicon content in such alloys is limited
by 5 wt Il)ct since higher amounts make the alloy
brittle.?**!) Molybdenum in the composition increases
high-temperature tensile strength and resistance to
thermal fatigue and creep due to the formation of a
network of complex Fe-Mo carbides at grain bound-
ary.’2223 However, like all the other carbide-forming
elements, it is responsible for casting defects and
embrittlement > 1 wt pct.'%?! In a novel cast iron
composition alternative to commercial SiMo, other
carbide-forming elements should be considered as well.
A recent study by Aktas Celik ef al. has concentrated on
the effects of molybdenum, niobium, tungsten, vana-
dium, titanium and chromium in SiMo alloy, using
thermodynamic simulations.*¥ Their results show that
A, temperature increases by increasing the amount of
these elements except for molybdenum. However, this
increase does not exceed 7 °C and A; temperature can
only reach to 842 °C by alloying 3 wt pct. In case of
molybdenum, an increase is observed up to 1 wt pct,
above which A; temperature starts to decrease. Previous
experimental studies by Aktas Celik ez al. showed that
novel cast iron compositions having niobium or tung-
sten instead of molybdenum present higher A; temper-
atures compared to commercial SiMo cast iron.?>?% On
the other hand, elements like chromium and aluminum
are added to SiMo in some experimental studies, and the
results provide knowledge about the optimum amounts
that can be used without any detrimental effects on the
properties.!'>**8) Chromium is a strong carbide-form-
ing element and provides good oxidation resistance at
compositions < 1 wt pct in SiMo cast irons.'” Above
this composition, an undesirable fully carbidic
microstructure is formed, as a result of which matrix is
depleted in chromium causing poor oxidation resistance
and brittleness.””) Another promising element is alu-
minum (up to 4 wt pct) that maximizes operating
conditions by raising A; temperature!*>*! and improves
oxidation resistance by forming Al,O3; on the cast iron

[9,27,29] . ,
surface. Its effect on graphite content and mor-
phology is well known; increasing aluminum in the
composition, graphite formation can be inhibited, and
its morphology has a variation in its nodularity.?**" An
increase in the amount of aluminum can have detri-
mental effects on mechanical properties, since it reveals
a lattice distortion in bec structure and shifts A2 to B2
(FeAl) and D05 (FesAl) crystal systems having higher
yield and tensile strength but lower impact toughness.*”

In exhaust systems the utilized materials undergo
decarburization and oxidation at high temperatures
causing inverse effects on structural integrity. It is
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known that surface oxidation of cast SiMo alloy can
be inhibited by internal decarburization as a result of the
reaction of carbon to form CO/CO, gas mixture, and
not only outward diffusion of carbon but also inward
diffusion of oxygen occurs simultaneously above 700 °C
resulting in surface degradation.!'®?*?”1 Under working
conditions, controlling decarburization is possible only
by metallurgical characteristics of the material, and an
attempt to increase A; temperature by alloying is
beneficial. ' Since carbon solubility in austenite is
higher than in ferrite, an increased A; temperature will
also help to decrease decarburization.''! Oxygen diffu-
sion under the working conditions causes the pores left
from graphite nodules to be filled with oxide scale; thus,
the amount and morphology of graphite embedded in
the cast matrix are important. On the other hand, iron
and silicon in SiMo composition have a tendency
toward outward diffusion to form the outer oxide layer
(Fe,03, Fe304) and inner oxide layer (FeO, Fe,SiOy),
which provides the protective effect. Additional alloying
elements like aluminum and chromium have a similar
behavior to form inner oxide layers (Al,O3, Al3FeOy,
Cr,05). Recent studies, focusing on varying the amounts
of silicon, aluminum and chromium in the composition,
show that decarburization can be suppressed, and
thermally stable oxide films can be developed in air
and in combustion atmosphere.*!%!1-23271" Although
good achievement is attained by several SiMo modifi-
cations,**-1919271 it s still not possible to use the cast
alloy safely above 800 °C. This brings the requirement to
develop novel cast iron compositions as suggested in our
previous studies.>* 2% Although thermodynamic mod-
eling, solidification behavior and microstructural fea-
tures of these new concept alloys are studied, their
oxidation behavior has not been reported yet. In this
study, oxidation of a novel cast iron having a compo-
sition of 3.5C-4Si-INb-xAl (x: 0 to 4 wt pct)®! is
initially simulated by Thermo-Calc software, and then
the cast compositions are exposed to air atmosphere at
700 °C to 850 °C. Experimental findings supported the
simulated oxidation behavior of the alloys.

II. PROCEDURES
A. Materials

The SiMo alloy used in the study was received from a
local company, produced as Y block by sand mold
casting according to ASTM A 536-84 standard. The
SiNb alloy and its aluminum-modified versions are also
produced according to the same standard by using a
similar casting route. In alloy casting, the charge is
prepared with nodular pig iron (4.3 wt pct C, 0.7 wt pct
Si), ferrosilicon (72 wt pct Si), ferroniobium (70 wt pct
Nb) and DIN 1020 steel. Melting is carried out in a
35-kW Inductotherm induction furnace having a capac-
ity of 25 kg. Pure aluminum is added according to the
designed composition before the melting process is
complete at 1560 °C. Both nucleation and spheroidiza-
tion processes are simultaneously carried out in a SiC
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crucible using nucleation agent (75 wt pct Si, 0.94 wt pct
Ca, 1.68 wt pct Ce, 0.89 wt pct Al) and magnesium-rich
alloy FeSiMg (45 wt pct Si, 7 wt pct Mg). The chemical
composition is determined by optical emission spec-
trometer (OES, Foundary Master), and Table I shows
the chemical compositions of all the cast alloys used in
the study.

B. Methods

To determine the microstructural features of the cast
alloys, standard metallographic procedures are per-
formed, and the samples are etched by Nital (3 vol pct
HNO;). Microstructural characterization is carried out
using both light microscope (LM, Olympus
BX4IM-LED), scanning electron microscope (SEM,
Jeol JSM 6060) and energy-dispersive spectrometer
(EDS, IXRF Systems Inc.).

The phases formed during oxidation are simulated by
Thermo-Calc software using SSOL and SSUB databases
for SiMo alloy (3.4 wt pct C, 3.6 wt pct Si, 0.8 wt pct
Mo) and SiND alloys (3.5 wt pct C, 4 wt pct Si, 1 wt pct
Nb, 0 to 4 wtpct Al). In simulation studies, the
oxidation test temperatures are selected as 750 °C and
850 °C, which are below and above the A; temperatures
of the studied alloys. Weight fractions of the phases
formed are monitored as a function of the partial
pressure of oxygen at test temperatures.

To determine the oxidation behavior of the alloys,
both thermogravimetric analysis (TGA, Netzsch STA
409 PG Luxx) and oxidation tests in furnace (MSA) are
carried out at air atmosphere. For TGA, samples are
machined to form cylindrical geometry having a 12 mm
@ and 3 mm, and their surfaces are mirror-like polished.
In TGA, samples of 3.10 £ 0.30 g initial weight are then
heated from room temperature to the test temperature
(800 °C) at a rate of 10 °C s~ ', and weight changes are
monitored for 24 h. The similar-sized mirror-polished
samples are oxidized in a furnace at 750 °C, 800 °C and
850 °C for 24 hours and then cooled to room temper-
ature in the furnace. Following the furnace tests, no
spallation is observed on the surfaces. Both surfaces and
cross-sections of the oxidized alloys are characterized by
X-ray diffraction (XRD, Rigaku Ultima+) and
SEM-EDS (Zeiss Evol0-IXRF) studies. XRD studies
were carried out using Cu-K, radiation, and a scanning
speed of 1.0 °min~" is utilized.

III. RESULTS AND DISCUSSION

A. Microstructural Characterization

LM images of the cast alloys are given in Figure 1.
Commercial SiMo matrix is Si-rich ferritic, having
nodular graphite (G), pearlitic areas (P) and MyC
carbide (Figure 1(a)). Although SiMo matrix is designed
to be ferritic and pearlite is not desired because of its
detrimental effects, studies have shown that formation
of pearlite cannot be avoided because of the inverse
segregation of silicon.'>?32°! In the novel experimental
alloys, although ferritic matrix is still present, the
amount of pearlite is decreased by the addition of
aluminum (Figures 1(b)-d). Earlier studies have shown
that segregation behavior of silicon changes in such
aluminum-added cast iron compositions, producing a
preventing effect for the formation of pearlite.** > The
microstructures of the cast alloys also reveal that by
aluminum addition the amount and the morphology of
graphite change. Aktas Celik et al. have reported that
the amount of graphite embedded in the cast alloys (3.5
wt pct C, 4 wt pct Si, 1 wt pct Nb, 0 to 4 wt pct Al)
decreases from 7 to 4 pct-area by increasing aluminum
content up to 4 wt pct, which is comparable with the
commercial SiMo alloy having 6.5 pct-area gra-
phite.">*] The change in graphite morphology of all
the cast alloys, as compared to commercial SiMo alloy,
can be followed by the change in nodularity, affecting
the ductility, thermal conductivity/expansivitiy and
damping capacity.?**? According to DIN EN ISO
945-2 three types of graphite can be observed in ductile
cast irons: (i) vermicular, (ii) irregular spheroidal and
(iii) spheroidal (nodular). In the studied SiMo alloy,
5 pct vermicular, 35 pct irregular spheroidal and 50 pct
spheroidal graphite morphologies are observed, exclud-
ing the unidentified components within the matrix.*"
Aktas Celik et al. have examined all types of graphite
morphologies on aluminum-modified cast irons, and the
dominant one is observed to be irregular spheroidal (54
to 48 pct). By the addition of aluminum, both irregular
spheroidal and spheroidal graphite (30 to 20 pct) have
decreased, and vermicular graphite (11 to 20 pct) has
increased. The change of spheroidal morphology of
graphite to vermicular is affected by Mg/S ratio;
however, blocking effect of aluminum to carbon diffu-
sion by surrounding the graphite phase is a more
distinctive cause in these alloys.*”

Table I. Chemical Compositions of the Cast Alloys (Wt Pct)

Alloy C Si Mo Nb Al Mg Mn P S
SiMo 3.40 3.60 0.80 — — 0.042 0.150 0.030 0.015
SiNb 3.57 4.04 — 0.96 0.02 0.074 0.231 0.057 0.028
SiNb-1Al 3.46 3.96 — 0.97 0.97 0.082 0.235 0.059 0.028
SiNb-2Al 3.47 3.99 — 1.03 2.03 0.078 0.245 0.057 0.032
SiNb-3Al 3.52 4.07 — 1.02 3.05 0.081 0.225 0.058 0.028
SiNb-4Al 3.54 4.05 — 1.04 4.03 0.079 0.228 0.055 0.035
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Fig. 2—SEM images showing the microstructures of the alloys: («) SiNb and (b) SiNb-4Al.

The solidified structure of SiNb alloy is shown in the
SEM image given in Figure 2(a), where some
microstructural features like pearlite and carbides
embedded in ferritic matrix are seen. Aktas Celik
et al. have reported that during solidification of this
cast alloy, a primary carbide (NbC) precipitates at
1321 °C directly from the liquid and has faceted
morphology.*” During solidification, liquid-austenite
interface (cell boundaries) can be enriched by the
positive segregation of carbide forming elements (Fe,
Nb) and a ledeburitic structure consisting of austenite
and carbides is formed as a result of eutectic reac-
tion.®3%1 As indicated in Figure 2(a), the cast alloy has
both NbC primary carbide (6.44 wt pct C, 90.84 wt pct
Nb, 2.28 wt pct Fe , 0.10 wt pct Si, 0.11 wt pct Mn)
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with faceted morphology and Fe-rich M;C type car-
bide (19.17 wt pct C, 77.70 wt pct Fe , 0.99 wt pct Si,
0.94 wt pct Mn, 1.20 wt pct Cr). MsC type carbide is
formed as a component of eutectic (ledeburite) struc-
ture. In the final microstructure, austenite in the
ledeburitic structure transforms to pearlite by eutectoid
reaction.®* The formation of carbides can be
attributed to both chemical composition and segrega-
tion of the elements. Likewise, a similar phenomenon is
expected, and aluminum-rich precipitates (kappa
phase, k) form during crystallization in aluminum
(above 4 wt pct) modified alloys.”*?! The formation of
kappa (k) phase is observed within the matrix of cast
alloy having the highest aluminum content
(Figure 2(b)).
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B. Oxidation Modeling

Thermodynamic simulations help to determine decar-
burization and the stable oxide phases that can form at
given temperatures and partial oxygen pressures. It is
known that log pO, is between — 25 and 0 in the service
conditions of the exhaust manifolds.'%?*! However,
simulations given in Figure 3 are carried out starting
from lower partial pressure values (— 40) to follow the
decarburization and oxidation processes. Below the A
temperature (750 °C) of the commercial SiMo alloy,
decreasing iron content can be followed, and decarbur-
ization is revealed by oxidation of graphite phase, as
log(pO,) changes from — 40 to — 25 (Figure 3(a)).
Although FeSi and Mo,C phases are not observed
within the cast structure, they are stable in this pressure
range. Due to oxidation and decarburization, these
phases transform to oxide phases as the partial pressure
of oxygen increases. The presence of -SiO5 in this range
can be attributed to oxidation of FeSi. Above A,
temperature (850 °C), although similar metallurgical
phenomena like decarburization and oxidation take
place, graphite phase dissolves and Fe;C becomes
stable as shown in Figure 3(b). In the range of service
conditions, FeO, Fe,SiO4, Fe;O4 and Fe,O3 phases
form in the SiMo oxide scale at both temperatures
(Figure 3). The oxide scale consists of multi-layers in
ductile cast irons; the inner layer forms by the diffusion
of oxygen from surface to the substrate while the outer
layer forms by the diffusion of iron from substrate to the
surface.l'!"*"1 The oxygen partial pressure, where the
oxide phase is stable, determines the sequence of
formation of oxide phases. In the outer layer, Fe,O3
and Fe;O4 phases form first because of their higher
oxygen partial pressures. FeO and Fe,SiO4 form in the
inner layer as oxygen partial pressure decreases. The
presence of the silicon causes the formation of unsta-
ble SiO, at the inner layer. Its reaction with Fe, O and
FeO forms the Fe,SiO4 phase, which is denser than iron
oxide phases providing better oxidation resistance.'!!
The oxides like MoO,, FeMoO, and MoOs, having no
barrier effect, can be formed as well because of internal
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oxidation (Figure 3). Although the amount and type of
oxide phases are the same at 750 and 850 °C, it is clear
that their formation shifts to higher pO, as expected,
indicating that stable oxide phases form more easily at
higher temperature.

The simulated data of modified cast alloys (SiNb-xAl)
indicating the variation of weight fractions of phases as
a function of log(pO,) at 750 °C are given in Figure 4.
To emphasize the effect of aluminum addition, the
figures are given separately for 0, 1, 3 (Figure 4(a)) and
0, 2, 4 wt pct Al additions (Figure 4(b)). Similar to SiMo
alloy, decreasing iron content, decarburization and
formation of f-SiO, are observed as log(pO») changes
from — 40 to — 25. Within the range of working
conditions, the effect of increasing aluminum addition
directly appears by the decrease of the amount of iron
oxides (Figure 4). Besides, the amount of Fe,;SiOy,
providing oxidation resistance in such compositions,
also decreases in the inner oxide layer since alu-
minum-rich oxides (Al,SiOs) can be formed. At higher
log(pO,) values, namely at the outer oxide layer,
decrease of Fe,O3; and Fe;O4 can be attributed to the
formation of AlL,FeO4 phase. Phases such as ALSiOs*!
and B-SiO,1***! can also be present in the outer layer
(Figure 4).

The simulations concerning the weight fraction of
phases as a function of log(pO,) are also studied at 850
°C (Figure 5), and the amount of iron decreases because
of the formation of FeSi and Fe;C at low log(pO5,). In
this pressure range (— 40 to — 25), the presence of
graphite and formation of f-SiO, are also seen. As the
pressure increases, the presence of FeO is observed,
which drops drastically by the formation of Fe,SiO4 and
AlSiOs. In the inner oxide layer, as the amount of
aluminum increases, FeO amount keeps decreasing,
ALSiOs increases and Fe,SiO4 does not change.
Although the presence of silicon in the composition
provides oxidation resistance by forming a
stable Fe,SiO4 layer, it is not sufficient at higher
operation temperatures. Thus, alloying elements such
as aluminum and chromium forming stable oxide layers
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Fig. 3—Phases formed during oxidation of SiMo alloy with respect to oxygen partial pressure: (@) 750 °C and (b) 850 °C.
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Fig. 4—Phases formed during oxidation of SiNb-xAl alloys with respect to oxygen partial pressure at 750 °C; (a) x: 0, 1, 3 and (b) x: 0, 2, 4
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Fig. 5—Phases formed during oxidation of SiNb-xAl alloys with respect to oxygen partial pressure at 850 °C; (a) x: 0, 1, 3 and (b) x: 0, 2, 4
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are needed.!'%?”! When the higher log(pO,) (above —15)
is considered, the protective characteristics of aluminum
addition can be also observed easily by the decrease of
iron oxides and increase in the aluminum-rich oxides in
the outer oxide layer.

A schematic presentation of the oxide scales formed
on the alloy surfaces at 750 °C and 850 °C is given in
Figure 6 for the studied alloys as a function of oxygen
pressure. Calculations show that the components in the
oxide scale do not change for all alloy compositions at
both temperatures. This schema indicates the types of
oxides formed on the substrate from surface to the gas
(O,) atmosphere. The oxide scale on SiMo contains
p-Si0,, FeO, Fe,SiOy4, FesO4 and Fe,O;, which are
commonly seen oxide phases.***?) The oxide scale on
SiNb consists of the same oxides as in SiMo. Alu-
minum-rich oxides (Al,SiOs, Al,FeO,4) are present
together with the iron oxides (FeO, Fe;04, Fe,03) and
silicon-rich oxides (f-SiO», Fe,SiO,4) for SiNb-4Al alloy.
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C. TGA on Oxidation

TGA is used to determine the oxidation behavior of
SiMo and SiNb alloys at 750 and 850 °C, which have
been used in modeling studies, and the obtained data are
given in Figure 7. Below the A; temperature (750 °C),
during the initial 100 min, weight change due to rapid
oxidation and decarburization is observed for SiMo
alloy. A linear oxidation behavior is displayed after 100
min up to about 700 min, and in progressing time the
formation of a stable oxide layer causes a decrease in the
rate of oxidation. A similar trend in weight change
during the initial 100 min is seen at higher test
temperature (850 °C) for SiMo alloy. However, in the
linear region a higher oxidation rate appears within the
period between 100 and 250 min compared to the lower
test temperature (750 °C). Beyond 250 min, a continu-
ous decrease in weight can be explained by the decar-
burization of graphite phase and austenitic matrix at the
studied temperature.**3"!
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Fig. 6—Schematic presentation of the oxide scales formed on the alloy surfaces; (@) 750 °C and (b) 850 °C.
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Fig. 7—TGA curves of oxidation tests of SiMo and SiNb alloys at
750 °C and 850 °C.

Although the weight gain of SiNb alloy is compara-
tively lower than that of SiMo alloy, a similar trend is
observed (Figure 7). In the initial 100 min, weight gain is
seen at 750 and 850 °C because the oxidation of metal
and decarburization is very small. At 750 °C after 100
min, a linear jump in weight gain is observed, which is
followed by a parabolic curve at a lower rate. SiO, layer
forms between 600-800 °C, and this layer is damaged by
the growing FeO nodules; the reaction between FeO and
SiO, causes the rapid enlargement of the Fe,SiOy4
layer.***% On the other hand, at this temperature, lack
of a stable SiO, layer may result in continuous metal
oxidation. As the temperature increases, SiO, phases
form at the metal-oxide interface, and these dense and
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homogeneous ]phases act as a barrier layer inhibiting
oxidation.""*¥1 Recently, Ebel er al. emphasized the
protective characteristics of SiO, layer that is obtained
above 800 °C.H*¥ A similar jump after 100 min is seen at
850 °C for SiNb alloy, beyond which weight loss due to
the decarburization of both graphite and austenitic
matrix is the dominant mechanism. As is well known,
the oxidation kinetics change depending on the stability
and permeability of the oxide layer formed on the metal
surface.**¥ In cast irons, the iron oxides formed on the
surface at elevated temperatures are porous structures
which cannot provide a barrier effect for good stability
and permeability. However, the presence of finer and
denser Si-rich oxide layers on the surface decreases
oxygen penetration and provides higher oxidation
resistance.[*>**! This effect can be clearly seen by the
slopes of the oxidation curves given in Figure 7, and
SiNb alloy containing higher silicon has a lower
oxidation rate due to the formed Si-rich oxide layers
(Fe,Si04 and Si0O,). As a result, the weight increase at
the end of the tests is lower for SiNbD alloy at 750 °C, and
the highest weight gain at 850 °C is also lower for SiNb
alloy.

Considering the service conditions of diesel engines
where cast steels are preferred,”?! the oxidation behav-
ior of aluminum-modified SiNb alloys is studied at 800
°C, which is just below the A; temperature of SiNb.
Thus, the decarburization of austenite phase in the
modified alloys is eliminated. The variation of weight
with respect to oxidation time is given in Figure 8. Same
phenomena are observed in the first 100 min for the
aluminum-modified alloys, like initial oxidation of the
metal followed by decarburization of the graphite phase.
At 800 °C, the metal oxidation rate of SiNb alloy shows
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Fig. 8—TGA curve of aluminum-modified SiNb-xAl cast alloys at
800 °C.

a sharp increase and then continues with a slower rate
due to formation of Si-rich oxides, at prolonged
oxidation times. However, as aluminum is added to
the composition, a sharp decrease in weight change is
observed because of the barrier effect of aluminum-rich
oxides. Besides the formation of aluminum-rich oxide
layers, the decrease in weight due to oxidation can also
be attributed to the oxidation and decarburization of
graphite that are in contact with oxygen at the surface.
Oxidation of graphite causes the formation of voids
providing the transport of oxygen to the metal matrix,
and these voids also act as new surfaces having high
reaction capability with oxygen. In this case, barrier
oxide layers can be formed at these new surfaces
preventing further oxidation. Thus, the decrease in
weight change is only due to the oxidation of graphite.
Several studies confirm this argument for the barrier
effect of Al, Cr and Si-rich oxides on inhibiting the
oxidation of metal around graphite voids in ductile cast
irons tested at elevated temperatures.l'%?74?*1 Not only
the distribution of graphite but also its morphology
plays an important role in oxidation kinetics. Studies
revealed that vermicular graphite morphology causes
higher oxygen transfer to the metal matrix resulting in
higher oxidation compared to the nodular ones.!*”

D. Characterization of Oxidized SiMo and SiNb
Surfaces

The cross-sections of the SiMo and SiNb alloys
oxidized at 750 °C and 850 °C for 24 hours at air
atmosphere are given in Figure 9. When the oxide
morphologies of SiMo alloy are examined, it can be
clearly seen that outer and inner layers with different
contrasts exist (Figure 9(a)). The inner layer visible in
dark contrast is formed by the diffusion of oxygen from
the surface and consists of graphite and carbide phases.
Studies have shown that inner la?/er consists of FeO and
Si-rich Fe,Si04/SiO, oxides.***# The outer layer visible
in light contrast is formed by the diffusion of iron
toward the surface and consists of Fe;O4 and Fe,O3
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oxides.">*) In these ductile cast irons, oxidation pro-
ceeds toward the matrix by the oxidation of graphite
nodules as seen in Figure 9(b). Fe-rich oxide nodules
form by two different mechanisms. In the first mecha-
nism, nodules grow simply by the expansion of the iron
oxides at the initial stage of the oxidation. In the second
mechanism, the thin protective layer fractures locally
and oxidizing gases penetrate through the subsurface
defects and cause the nucleation and growth of the
nodules under the failed protective layer.*?) These
nodules can grow rapidly around the graphite,*” and
they are visible in distinctive contrasts as seen in
Figure 9(b). Similar oxide layers are observed on the
surface of SiNb alloy as well, at all the studied test
temperatures (Figures 9(c) and d). Voids are also seen in
both inner and outer layers. While the outward diffusion
of iron causes voids in the inner layer,!'” the voids in the
outer layer are caused by the oxidation of graphite.[**!

SEM analysis is carried out to study the oxidized
surfaces at 750 °C and 850 °C in detail. The detachment
between the outer and inner layers can be clearly seen in
the Figure 10(a), since they have different thermal
expansion coefficients and weak adherence. In
Figure 10(b), a thicker oxide layer having voids and
graphite nodules is observed because of the increase in
test temperature. The progression of oxidation into the
matrix through graphite nodules can be examined in
Figure 11(a). Despite the thin and stable protective layer
on the surface of SiNb alloy tested at 750 °C, graphite
nodules located close to the surface act as oxidation
sites. Due to the higher silicon content of SiNb alloy,
Si-rich oxides form at the interface between graphite and
metal matrix inhibiting the further progress of oxida-
tion.*”*3 This inhibiting effect is proven by the presence
of non-oxidized graphites near the surface
(Figure 11(a)). During oxidation, a part of graphite is
volatilized by oxidation,™ and it is referred as oxidized
graphite, as a result of which carbon content of graphite
decreases down to 1.95 wt pct. As the temperature
increases, the thickness of oxide layer increases, and
more porous structure appears because of increased
number and size of the voids (Figure 11(b)). In
Figure 12, the thickness variations of the oxide layers
on SiMo and SiNb alloys are given as a function of test
temperature. Although in both alloys oxide layer thick-
nesses increase by the increasing temperature, SiNb
alloy has a tendency to form a thinner oxide layer
compared to SiMo alloy. This tendency can be
attributed to the presence of higher amounts of silicon
in SiNb alloy, since Si-rich oxides in the inner layer
prevent the formation of iron-rich oxides.!!%:4> 44:46]

The XRD patterns (not shown) highlighting the
presence of oxide phases (FeO, Fe,O;, Fe;O4 and
Fe,Si0,4) formed on the surfaces of the alloys tested at
all temperatures are similar to those obtained by the
thermodynamic calculations (Figures 4 and 5). SEM
studies on the cross-sections of the alloys revealed the
presence of layered oxide structure, and recent works
have shown that the outer layer consists of Fe,O3; and
Fe;O4 while the inner layer includes FeO and Fe,SiO4
phases.[+344!

METALLURGICAL AND MATERIALS TRANSACTIONS A



(a) Outer layer

JInner layer
AR s Rt

L%

: - Innerlayer
A O

Fig. 9—LM images showing the cross-sections of oxidized SiMo (a and ») and SiNb (¢ and d) alloys. Test temperature: (¢ and ¢) 750 °C and (b

and d) 850 °C.

Fig. 10—SEM images showing the cross-sections of oxidized SiMo alloy; («) 750 °C and (b) 850 °C.

E. Characterization of Oxidized SiNb-xAl Surfaces

The LM images showing the cross-sections of
aluminum-modified SiNb alloys oxidized at 750 °C,
800 °C and 850 °C at air atmosphere are given in
Figures 13, 14 and 15, respectively. The protective
layer is formed by oxide nodules at lower aluminum
additions whereas it gains a continuous characteristic
at higher aluminum contents (Figures 13(a) and b). By
the addition of aluminum, protective aluminum-rich
oxides (AlFeO4/Al,03) form besides FeO and Si-rich
Fe,Si04/S10, oxides in the inner layer.?>*"! The type

METALLURGICAL AND MATERIALS TRANSACTIONS A

and thickness of the Al-rich oxides depend on the
amount of aluminum in the composition. Tomasze-
wicz and Wallwork!™® have shown that although the
outer oxide layer consists of iron-rich oxides and
AlL,O3 in Fe-Al alloys, the most efficient protective
Al,O3 layer occurs at higher aluminum content than
6.9 wt pct. As aluminum increases, the formation of
Fe-rich oxides is inhibited because of the barrier effect
of Al-rich oxides. This is due to the slowed diffusion

of iron and oxygen causing a thinner Fe-rich oxide
Jayer, [%10:41-43]
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The increase in oxidation rate at higher temperature
(800 °C) causes the formation of a thicker oxide layer
(Figure 14). At lower aluminum content, oxide nodules
form around the graphite nodules within the oxide layer
(Figure 14(a)), and the layer becomes continuous as
aluminum increases in the composition (Figure 14(b)).
Similar to the 750 °C results, the oxidation progresses
through vermicular graphite. At the highest test tem-
perature, 850 °C, the thickness of the oxide layer is
higher, and double-layered scale is clearer (Figure 15).
Oxidation progresses through the graphite in this case as
well, besides the voids formed because of decarburiza-
tion of graphite. Specifically, a recent study on the
oxidation behavior of aluminum-modified SiMo ductile
cast iron revealed that the amount of oxygen used for
decarburization increased as the temperature reached
800 °C and voids were formed by decarburization of
nodular and vermicular graphite particles.!*”

Fig. 13—LM images showing the cross-sections of the alloys oxidized at 750 °C for 24 h; («) SiNb-1Al and (b) SiNb-4Al.
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Thickness variation of the oxide scale by addition of
aluminum is given in Figure 16 where the level of SiNb
alloy is shown by the dotted line. The barrier effect of
Al-rich oxides appears by the decrease in scale thickness
as aluminum content increases. The oxidation behavior
is also determined by the graphite morphology; it has
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. 15—LM images showing the cross-sections of the alloys oxidized at 850 °C for 24 h; («) SiNb-1Al and (b) SiNb-4Al.

been shown that vermicular type graphite causes the
progress of oxidation toward the matrix and causes
formation of voids due to decarburization.””) The
amount of vermicular graphite increases by increasing
aluminum content in SiNb alloys.*” This effect can be
seen at all the test temperatures as shown in
Figures 13-15, where the oxidation progresses toward
the matrix through the vermicular graphite, especially at
higher aluminum additions. Temperature is the critical
parameter for determining the types of oxides to be
formed and their amounts. The increasing temperature
causes the faster diffusion of oxidizing agents, thereby
increasing the oxidation rate.[*

To observe the effects of test temperature and
aluminum content on the oxidation behavior of the
modified SiNb alloys, oxidized cross-sections of the
alloy having highest aluminum addition (SiNb-4Al) are
studied using SEM (Figure 17). In the BSE-SEM image
of the alloy oxidized at 750 °C, a thin and homogeneous
oxide layer adhered at the surface is observed, and
oxidation progresses through the vermicular graphite
toward the metal matrix (Figure 17(a)). The character-
istics of the oxide layer formed at 800 °C change as
shown in Figure 17(b); a thin, porous oxide layer covers
the whole surface. Despite the barrier effect of alu-
minum-rich oxide, oxidation progresses toward the
matrix through the graphite phase. The increase in
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Table II. EDS Data (Wt Pct) for the Labeled Points in the
Cross-Section of Oxidized SiNb-4Al Alloy at 850 °C

Point Fe C Al Si (0]

1 70.42 14.96 2.59 2.13 9.90
2 71.64 12.07 2.62 5.08 8.58
3 81.20 8.12 2.95 2.94 4.79
4 72.60 10.70 5.80 2.66 8.24
5 61.98 12.95 12.8 3.68 8.59

temperature causes the formation of voids in the oxide
layer resulting in a porous structure (Figure 17(b)). The
results for the highest test temperature (850 °C) are
given in Figure 17(c). Due to the increased diffusion rate
of the oxidizing agents, the oxide layer is comparatively
thicker and contains voids. Also, oxidation progresses
deeper toward the matrix through the graphite phase,
and formation of the void around the oxidized graphite
nodule can be clearly seen in Figure 17(c). The EDS
studies are carried out to determine the presence of the
aluminum in the oxide layer, which provides a barrier
effect during the oxidation test. The results are given in
Table II for the points labeled in Figure 17(c). The
obtained data indicate that the oxide layer is rich in iron
and has both aluminum and silicon, where aluminum
content increases from surface to metal matrix. These
findings are in agreement with the current literature that
reports the presence of aluminum-rich oxides at the
oxide layer-metal interface,”*"" and as the aluminum
content increases at the interface Al,Oz oxide can be
formed as a protective layer.*”!

The XRD patterns (not shown) highlighted that, like
the oxidized SiMo and SiNDb alloys, iron and iron-silicon
oxides such as FeO, Fe,03, FesO4 and Fe,SiO4 are
present on the surfaces of SiNb-xAl alloys. However,
the presence of aluminum causes the decrease in the
intensity of ferrous oxides. At all test temperatures,
Al,Si0s, Al,FeO,4 and AlFeOs phases are detected, and
these phases are responsible for the decrease of outward
diffusion of iron and inward diffusion of oxygen,
causing a decrease in the thickness of the Fe-rich oxide
layer. The presence of o-Fe phase in the XRD diffrac-
togram is attributed to the thinner Fe-rich oxide layer
on the surface.
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IV. CONCLUSION

In this study, alternative exhaust manifold materials
were designed using Nb and Al elements in ductile cast
iron compositions, and their high-temperature oxidation
behaviors were studied. The findings can be summarized
as follows:

1. By replacing Mo with Nb, the formation of eutectic
carbides was inhibited, and SiNb alloy having
higher Si content exhibited MC carbides dispersed
in fully ferritic matrix. Al addition to the SiNb alloy
resulted in the deterioration of nodular morphology
of graphite. At the highest Al concentration (x: 4
wt pct), the precipitation of kappa phase was
observed.

2. In the simulations, SiMo and SiNb alloys had
similar oxide phases (Fe,O;, Fe;04, FeO, Fe,SiOy)
at 750 and 850 °C. However, as aluminum was
added to the SiNb alloy, weight fractions of
Fe,SiO4 and FeO phases decreased while Al-rich
protective oxide phases (AlSiOs, AlL,FeO, and
AlFeO3) increased. Thermogravimetric analyses
determining the oxidation kinetics showed that
SiNb alloy had lower oxidation tendency compared
to SiMo alloy, and this tendency is drastically
decreased by the addition of aluminum in SiNb
alloy.

3. Two layered and porous oxide scales formed on the
surfaces were observed, and the presence of Fe,Os,
Fe;04, FeO and Fe,SiO,4 oxide phases as similar to
thermodynamic calculations were detected. In
SiNb-xAl alloys, oxide scale got thinner compared
to SiMo and SiNb, and due to the change in
graphite morphology from nodular to vermicular,
oxidation progressed toward matrix through ver-
micular graphite. The Al-rich oxide forms (Al,SiOs,
AlLFeO4 and AlFeO;) were present in the SEM/
EDS data supporting the thermodynamic
calculations.

The results revealed that all designed alloys exhibited
better oxidation resistance at all investigated tempera-
tures than commercial SiMo alloy, and as aluminum
addition increases, better performance is obtained
because of the formation of Al-rich protective oxide
layers. Thus, the designed alloys can be suggested as
alternative exhaust manifold materials at elevated
temperatures.
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