AOVOCsy,
3
@,

A
z
%z
3

| Check for

AND THE INSTITUTE
updates

INITIAL OXIDATION STAGE OF SiMo AND SiNb-xAl DUCTILE CAST IRONS IN AIR
AND CO,-CONTAINING ATMOSPHERES

Giilsah Aktas Celik, S. Hakan Atapek and Seyda Polat
Department of Metallurgical and Materials Engineering, Kocaeli University, 41001 Izmit, Kocaeli, Turkey

Copyright © 2022 American Foundry Society
https://doi.org/10.1007/s40962-022-00883-w

Abstract

In this study, novel SiNb-xAl (x:0-4 wt.%) ductile cast
irons were developed to be used as exhaust manifold
material. Initial oxidation stages of these alloys were
studied at 800 °C in air and in a gas atmosphere (9 % CO,,
4 % O, and 87 % N,) and compared with a commercial
SiMo ductile iron. It was found that the newly developed
ductile cast irons had higher oxidation resistance com-
pared to the SiMo ductile iron under the studied test con-
ditions, and this resistance increased further, as aluminum
content of the ductile cast iron increased. Both surfaces
and cross sections of the oxidized cast irons were char-
acterized by 3D profilometer, scanning electron micro-
scope equipped with energy-dispersive spectrometer and
X-ray diffraction technique. Dense Fe-rich nodules and an

extremely thick bilayer scale were detected on the surface
of the SiMo ductile iron in both test environments. How-
ever, the number of nodules on the surface and their dis-
tribution frequency were decreased in SiNb cast iron.
Aluminum addition to SiNb cast iron caused a further
reduction in the number of nodules and also a finer scale
formation due to the presence of an Al-rich protective layer
on the surface. All these findings are encouraging that new
cast irons can be used as alternative materials to SiMo
ductile iron.

Keywords: SiMo ductile iron, exhaust manifold, oxidation,
characterization

Introduction

More efficient engines working at higher temperatures are
needed in automotive industry due to stringent regulations
related with exhaust gas emissions.'™ This brings the need
for engine components that have high temperature corro-
sion resistance and superior mechanical properties espe-
cially for the exhaust manifold that is subjected to the
highest temperature in the exhaust system.*™®

Conventional exhaust manifold materials are iron-based
alloys having either austenitic or ferritic matrix. Among
these materials, austenitic (CF8C) and ferritic (AISI 409)
cast stainless steels are mainly used at higher temperatures
due to their high microstructural and mechanical stabil-
ity.7_]1 Austenitic (Ni-resist) and ferritic (SiMo) ductile
cast irons are also used as exhaust manifold materials,lz_15
and even though austenitic matrix provides similar high
temperature properties as cast stainless steels, ferritic
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matrix has limitations due to low A; temperature which is
about 825 °C,*'® but mostly preferred due to its lower
cost.>'*!7 Thus, there are many studies comparing the high
temperature performance of ferritic ductile cast iron
(especially SiMo) with austenitic ferrous-based materi-
als>'®'? and the findings indicate that even though SiMo
ductile iron has good potential as an exhaust manifold
material its high temperature mechanical properties and
oxidation/corrosion resistance need to be improved. In this
respect, both Si and Mo contents are varied’** and
alloying elements®> 2’ are used which affect the
microstructural features (amount and nodularity of graphite
phase)*® and mechanical properties.”® Recent studies have
focused on the modification of SiMo compositions by Ni,*
Cr,”> A1”™ alloying elements. Although Ni decreases
A, temperature,’® its addition improves mechanical prop-
erties and at limited additions the oxidation resistance of
ductile cast irons is enhanced at room temperature.”> The
limited Cr and Al additions both increase A, temperature’
and provide high oxidation resistance by forming Cr/Al
oxide layers on the metal surface at the elevated temper-
atures.”>**?! Lekakh et al. studied the Cr effect on the
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oxidation behavior of 3.2 C- 4.55 Si- 0.94 Mo- 1.05 Cr
(wt.%) at 800-1000 °C in air and they reported that Cr
addition increased the oxidation resistance by forming Cr-
rich oxides on the surface. However, above 1 wt.% Cr
addition the alloy became brittle due to the formation of
Cr-rich carbides.”* Several studies on the effect of Al
alloying on SiMo have revealed that A; temperature has
considerably increased up to 1000 °C as the aluminum
content increased.”’* It has also been reported that both
content and morphology of graphite phase are strongly
affected by aluminum addition. A morphological change
from nodular to vermicular is observed and the amount of
graphite embedded in ferritic matrix has decreased as
aluminum content increased.'’" Ibrahim er al. observed
hardness increase and ductility decrease in aluminum-
modified cast irons due to solid solution hardening pro-
vided by high solubility of aluminum in ferritic matrix.*®
Since Al-rich oxides form on the metal surface by alu-
minum addition, cast irons modified by aluminum are
reported to exhibit superior oxidation resistance in air at
elevated temperatures.>**> Apart from the studies focusing
on modification of SiMo by alloying, Mo-free ductile cast
irons are designed by Aktas Celik et al. in order to elim-
inate adverse effects of molybdenum, like decreasing A,
temperature and causing carbide precipitation at the cell
boundaries during solidification.”® In the new alloy
design, Nb (1 wt.%) is added to replace molybdenum to
attain higher A, temperature and aluminum is also added
up to 4 wt.% to benefit from its positive effects on the
microstructural, mechanical properties and for protection
against oxidation at elevated temperatures.*>*°

Oxidation tests of cast irons used as exhaust manifolds,
carried out in air atmosphere at high temperatures, have
revealed considerable information on the surface forma-
tions like oxides within the outer/inner layers and decar-
burization.”****°=3° During oxidation, inward diffusion of
oxygen and outward diffusion of iron determine the scale
characteristics consisting of inner and outer layers.'**°
While FeO (wustite) and Fe,SiO, (fayalite) oxides form at
the inner layer, Fe,O; (hematite) and Fe;O,4 (magnetite)
form at the outer layer of SiMo ductile iron.’*** Among
these oxides only Fe,SiO4 phase has a protective potential;
however, it is not sufficient at elevated temperatures.”
Besides the formation of these oxides, decarburization also
takes place due to the reaction between oxygen and carbon
in both graphite and ferrite phases.”* During decarburiza-
tion, CO/CO, forms as a result of oxidation of carbon and
the gaseous product is transported through cracks and voids
within the scale.'® The morphology and distribution of
graphite phase embedded in ferrite matrix control both
oxidation and decarburization kinetics, since graphite
phases act as transfer routes for oxygen during these
reactions.’*® Stable oxides (CrO,, Al,Os3, etc.) of alloying
elements like Cr and Al which are less noble than Fe, play
an important role in enhancing oxidation resistance of
modified SiMo ductile irons as well.*>***’ Oxidation
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studies performed in exhaust gas atmosphere have revealed
increased oxidation kinetics compared to the air atmo-
sphere due to the presence of oxidizing gases like H,O,
CO,; and O, in the exhaust gas. As a result of the reactions
between metal surface and these gases, a continuous oxide
layer is formed on the surface that grows faster compared
to air atmosphere.”® Oxidation tests of SiMo and Ni-resist
cast irons in dry exhaust gas atmosphere have revealed
slower oxidation rates due to the absence of H,O; however
no significant change is observed in oxide formations.'®
Similar to the air atmosphere, both inner and outer layers
are observed, and the outer layer is formed by Fe,O5; and
Fe;04 while in the inner layer FeO, Fe,Si0,4/SiO, oxides
are present.'”**?*340 The presence of gases like SOy, N,
ve NOy in the exhaust gas cause the formation of FeSOy,
FeS, in the oxide layer, at the same time they cause the
precipitation of SizNy in the ferritic matrix and MgSiN, at
the eutectic cell boundaries of ductile cast iron.'®!*4

There are studies on the oxidation behavior of modified
ductile cast irons in several gas atmospheres and the effect
of alloying elements like Cr, Ni and Al on the oxidation
resistance of SiMo.*?32* Compared to air environment,
exhaust gas causes faster formation of Fe-oxide islands on
the SiMo surface and the formation kinetics of SiO, that
acts as a barrier layer at the interface is slower.”*** When
the effect of alloying elements on oxidation behavior of
SiMo in exhaust gas atmosphere is considered, (i) Cr
addition causes more distinct silica layer and other pro-
tective Cr-oxides™ at the same time suppresses decarbur-
ization,>* (i1) Al addition stabilizes the formation of Al-rich
oxides inhibiting oxidation and (iii) Ni addition does not
provide any contribution in oxidation resistance since it
does not cause the formation of compact and continuous
SiO, layer. All these findings reveal that alloying has a
distinctive effect on the oxidation behavior of ductile cast
iron both in air and exhaust gas atmospheres. In our pre-
vious studies, a novel cast iron composition (SiNb-xAl) has
been investigated comparatively with SiMo in terms of its
microstructural features,> physical properties®> and oxi-
dation performance in air atmosphere.’® However, no data
have been reported yet on its initial stage of oxidation in
CO,-containing atmosphere. In this study, it is aimed to
compare the oxidation behavior of SiNb-xAl cast irons
with SiMo in both air and selected gas atmospheres, at 800
°C which is under the A; temperature.

Material and Methods

SiMo ductile cast iron commercially used as exhaust
manifold material and SiNb-xAl cast irons designed as
alternative materials are produced as 'z inch Y block by
sand mold casting according to ASTM A 536 - 84 standard.
In the casting procedure 5 kg charge is prepared using
nodular pig iron (4.30 wt.% C, 0.70 wt.% Si, 0.06 wt.%
Mn, 0.05 wt.% P, 0.018 wt.% S), ferrosilicon (0.10 wt.% C,
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72 wt.% Si, 0.020 wt.% P, 0.024 wt.% S), ferroniobium
(0.20 wt.% C, 2.61 wt.% Si, 0.126 wt.% P, 0.09 wt.% S,
0.87 wt.% Al, 67.80 wt.% Nb) and DIN 1020 steel (0.24
wt.% C, 0.20 wt.% Si, 0.50 wt.% Mn, 0.030 wt.% P, 0.020
wt.% S). An Inductotherm induction furnace (35 kW) with
the capacity of 25 kg is used to melt the charge and pure
aluminum is added according to the chosen composition
just before the melting process is complete. The total
amount of the melts produced is 5 kg. After melting is
completed at 1560 °C, spheroidization process is carried
out in a SiC crucible. For this purpose, nucleation agent (75
wt.% Si, 0.94 wt.% Ca, 1.68 wt.% Ce, 0.89 wt.% Al) and
magnesium rich alloy FeSiMg (45 wt.% Si, 7 wt.% Mg) are
placed at the bottom of the crucible, then the charge is
poured on them. In order to verify the chemical composi-
tion, a sample from the molten alloy is taken by pouring it
into a copper mold and analyzed using Optical Emission
Spectrometer (OES, Foundry Master). The chemical com-
positions of the cast alloys and their carbon equivalent
(Ceq) values are given in Table 1. In the compositions,
carbon and silicon contents are kept constant to attain the
same Cgq value according to following well-known
Equation 1.*!

Ceq= C% + [(Si% + P %) /3] Eqn. 1

It is a known fact that type and amount of trace elements
that come from both charge materials and inoculants affect
the microstructural features, like graphite morphology and
mechanical properties, thus they should be controlled
during casting.*' ™ As can be seen in Table 1, Mg contents
of the novel cast irons are relatively higher than the range
suggested (0.04-0.06 wt.%) for effective spheroidization of
ductile cast irons. This is due to the difficulties in small size
casting in laboratory practice and also due to the
inconsistency in the composition of the charge material
received and the datasheet provided by the supplier.
Nevertheless, Mg content of the novel cast iron
compositions are in the same range and will have similar
effect on microstructural features. Due to the chemical
compositions of the charge materials the P and S contents
of the cast irons are higher than desired.

ZWm £

Figure 1. LM images showing the microstructures of the
alloys; (a) SiMo and (b) SiNb.

Standard metallographic procedures are performed to
determine the microstructural features of the cast alloys.
The samples are etched by Nital (3 vol. % HNOs3) and
microstructural characterization is carried out using both
light microscope (LM, Olympus BX41M-LED), scanning
electron microscope (SEM, Jeol JSM 6060) and energy-
dispersive spectrometer (EDS, IXRF Systems Inc.).

The oxidation behavior of exhaust manifold materials is
mostly studied under A, temperatures in order to simulate
their working conditions and to avoid decarburization of
austenite.”° Thus, initial stage oxidation is studied at 800
°C which is under the A; temperature of the alloys
(850-960 °C), for 24 h, both in air and in a dry gas
atmosphere (9 % CO,, 4 % O, and 87 % N,) in furnace
(MSA, Protherm). Although the selected gas atmosphere
does not reflect the real combustion conditions, water vapor
could not be included in the test conditions. Thus, the test
atmosphere is defined as a dry gas atmosphere containing
CO, and a flow rate of 12 mm.s™ is utilized. The findings
of oxidation tests are evaluated according to the atmo-
spheres refereed as (i) air and (ii) dry gas. Samples are
machined to form cylindrical geometry having a 12 mm @
and 3 mm thickness and their flat surfaces are mirror-like
polished for oxidation tests.

Following the furnace tests, no spallation is observed on
the surfaces. Both flat surfaces and cross sections of the
oxidized cast irons are characterized by 3D optical pro-
filometer (Nanovea PS50), X-ray diffraction (XRD, Rigaku
Ultima+) and SEM-EDS (Zeiss EvolO-IXRF) studies.
XRD studies are carried out using Cu-K, radiation and a
scanning speed of 1.0 °.min~" is utilized.

Table 1. Chemical Compositions of the Cast Ductile Irons (wt.%)

Material Cc Si Mo Nb Al Mg Mn P S Ceq

SiMo 3.40 3.60 0.80 - - 0.042 0.150 0.030 0.015 4.61
SiNb 3.57 4.04 - 0.96 0.02 0.074 0.231 0.057 0.028 4.93
SiNb-1Al 3.46 3.96 - 0.97 0.97 0.082 0.235 0.059 0.028 4.79
SiNb-2Al 3.47 3.99 - 1.03 2.03 0.078 0.245 0.057 0.032 4.82
SiNb-3Al 3.52 4.07 - 1.02 3.05 0.081 0.225 0.058 0.028 4.90
SiNb-4Al 3.54 4.05 - 1.04 4.03 0.079 0.228 0.055 0.035 4.91
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Table 2. Amounts of Phases (Area %), Graphite Nodule Count and Nodularity (%) Determined by Image Analyses.

Material Graphite Carbide Pearlite Graphite nodule count/ mm? Graphite nodularity
SiMo 6.49 £+ 0.17 0.72 £ 0.01 9.70 £ 0.27 466.74 88.21
SiNb 7.30 £ 0.30 1.13 £ 0.04 0.05 £ 0.01 452.35 82.26
SiNb-1Al 6.70 + 0.40 1.08 + 0.04 - 432.69 78.89
SiNb-2Al 6.20 + 0.20 0.95 + 0.02 - 240.04 76.84
SiNb-3Al 5.80 £ 0.20 0.89 £+ 0.04 - 160.47 68.79
SiNb-4Al 5.20 £+ 0.30 1.03 + 0.03 - 149.50 71.74

Results and Discussion
Microstructure of the Alloys

Commercial SiMo ductile iron has nodular graphite (G),
Mo-rich carbide (Mo¢C) and pearlitic areas (P) in a ferritic
matrix (Figure la). In this alloy, which is used as exhaust
manifold material, each microstructural feature is respon-
sible for the required properties. Nodular graphite provides
some desirable mechanical (high ductility and toughness)
and physical (low thermal expansion) properties.*®*’ Solid
solution hardening of ferrite by silicon and dispersion
hardening by Mo-rich carbides are responsible for the
mechanical requilrements.“g*53 However, the presence of
pearlite which forms as a result of inverse silicon segre-
gation is undesirable due to its detrimental effect on the
mechanical properties.'*** In SiNb cast iron, similar
matrix components like ferrite, nodular graphite, carbides
and pearlite are present (Figure 1b). Although aluminum
addition to the SiNb cast iron also results in a similar
microstructure where graphite and carbides are embedded
in the ferritic matrix (Figure 2), main difference is the
absence of pearlitic areas. The absence of pearlite can be
attributed to the change in segregation behavior of silicon
by the presence of aluminum. It is a fact that alloying with
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Figure 2. LM images showing the microstructures of the

alloys; (a) SiNb-1Al, (b) SiNb-2Al, (c) SiNb-3Al and
(d) SiNb-4Al.
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silicon retards the formation of grain boundary cementite.
Aluminum is the other alloying element that has negligible
solubility in cementite like silicon. Due to the segregation
of aluminum around the graphite and segregation of silicon
to the cell boundary, silicon is the responsible element for
retardation of cementite precipitation.”* The dissolution of
aluminum in iron also causes silicon to accumulate at the
cell boundaries in the solidified structure, thus preventing
its inverse segregation and formation of pearlite.”*>~” On
the other hand, aluminum addition affects the amount and
morphology of graphite as well. Microstructural investi-
gations have revealed that the sphericity of graphite in the
solidified structure decreases. This is due to the aluminum
segregation around the graphite nodule, preventing carbon
diffusion toward graphite and causing smaller graphite
with vermicular morphology.*>>3® Image analyses studies
have been carried out on the cast irons to determine the
amounts of phases stable at room temperature and the
results are listed in Table 2. Although amount and nodu-
larity of graphite within SiNb cast iron are similar as of
SiMo ductile iron, pearlitic structure is much less due to the
presence of the higher silicon content in the composition.
Table 2 also shows the decrease in the amount of nodular
graphite by increasing aluminum content. In our earlier
studies on SiNb-xAl cast irons the quantities of various
graphite morphologies (shape III, V and VI) present in the
solidified structure have to be determined. It has been
observed that as aluminum content of the alloy increased
the nodularity of graphite decreased and the amount of
graphite morphologies that cannot be classified increased
as well.*® In that case, the number of countable graphite
decreases and due to the silicon segregation pearlite for-
mation is suppressed.

Figure 3. SEM images showing the microstructures of
the alloys; (a) SiNb and (b) SiNb-4Al.
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In Figure 3, SEM images for SiNb and SiNb-4Al alloys are
given. In the solidified structure of SiNb alloy, carbide,
pearlite and graphite are observed in the ferritic matrix
(Figure 2a). Due to the presence of Nb as carbide former,
Nb-rich carbides with faceted morphology are expected to
form during solidification from liquid.**** The composi-
tion (Nb 94 : C 6 wt.%) attained by EDS analyses taken
from point #1 in Figure 3a indicates the presence of NbC
carbide. As it is well known, solidification of hyper eutectic
cast irons produces cellular structure and positive and
negative segregation of the elements take place at the lig-
uid-solid interface (cell boundary).5 %69 Dye to the negative
segregation of silicon, pearlitic regions at cell boundaries
are expected’” and are observed in the studied alloy as
shown in Figure 3a. On the other hand, the positive seg-
regation of carbide forming elements may cause the for-
mation of eutectic carbides at the cell boundaries.®-*> Such
a formation is observed at point #2 in Figure 3a, as M3C
type carbide with a composition (19.17 wt.% C, 77.70
wt.% Fe, 0.99 wt.% Si, 0.94 wt% C, 1.20 wt.% Cr)
determined by EDS. The microstructure of SiNb-4Al alloy,
shown in Figure 3b, has aluminum rich precipitates in
addition to NbC carbides. During crystallization of cast
irons having aluminum above 4 wt.%, such precipitates are
observed known as kappa (k) phase.””%

Characterization of the Oxidized Alloys in Air
Atmosphere

The oxidized surfaces of cast irons are composed of inner
and outer layers. The inner oxide layer is formed by the
outward diffusion of iron and the outer layer is formed due
to the inward diffusion of oxygen.”*** In the inner layer,
oxides rich in Fe and Si are observed (FeO, Fe,SiO,4, SiO,,
etc.) and in the outer layer mainly Fe,O5; and Fe3;0, exist.
During the growth of outer oxide layer on the surface,
phases like graphite and carbides present in the matrix are
oxidized.”* The surface characterization reveals the prop-
erties of outer oxide layer. Optical profilometer and SEM/
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EDS studies are carried out on the surfaces and SEM/EDS
is used to characterize the cross sections of the oxidized
samples. The characteristic features of the outer oxide layer
(oxide nodules, oxide layer and oxidized secondary phases)
are examined by surface examination and features of the
inner oxide layer are determined using cross sections of the
oxidized samples.

In Figure 4, optical profilometer images of oxidized sur-
faces of SiMo and SiNb alloys are given. These images
provide information about the width, height, amount, and
distribution of the nodules on the surface.”* The metal
surface of SiMo alloy (Figure 4a), indicated by dark blue
color (level 0 on z-axis), has a thin oxide layer (20-30 pm
in height) on which nodules are present. These nodules are
200-250 pm in diameter and about 65 pm in height and
have a tendency to expand and merge. This surface
topography indicates a layered oxide scale. These findings
are in agreement with those observed by Lekakh et al.
(2020) in their study on the oxidation of SiMo alloy at
elevated temperature. They have reported the presence of a
rough oxide layer (7.5 pm) and coarse oxide nodules
(300-700 um) on the surface of the oxidized SiMo alloy.**
On the other hand, the surface of SiNb alloy is covered
with a 10 pm thick oxide layer on which nodules having
100-150 pum diameter and about 40 um in height are pre-
sent (Figure 4b). In this topography, the nodules are den-
sely distributed and have not expanded and merged, yet.
This indicates that SiNb alloy has better oxidation resis-
tance provided by its higher silicon content. Effective Si-
rich oxide formation in the inner layer slows down the
formation of Fe-rich oxide nodules which are mainly
responsible for the oxidation.”>** These Fe-rich oxide
nodules can form by two different mechanisms. In one of
these mechanisms nodules grow simply by the expansion
of the iron oxides at the initial stage of the oxidation. In the
second mechanism on the other hand, the thin protective
layer fractures locally and oxidizing gases penetrate

{m

Figure 4. 3D images showing the surface morphology of the oxidized alloys; (a) SiMo and (b) SiNb.
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Figure 5. SEM images showing the surface morphology
of the oxidized alloys; (a) SiMo and (b) SiNb.

through the subsurface defects causing nucleation and
growth of the nodules under the failed protective layer.®*

SEM/EDS examinations have revealed the characteristics
and chemical composition of the oxidized surfaces of SiMo
and SiNb alloys (Figure 5). EDS data (wt.%) given in these
figures show that both of these surfaces consist of typical
Fe-rich oxide nodules that grow on Fe-Si-O layers. Fe-rich
oxide nodules form at the beginning of the oxidation and as
the oxidation progresses the outer Fe-rich oxide layer
appears due to the tendency of growth and expansion of
these nodules.®” While the oxide layer covers the metal
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um

surface, the diffusion of oxidizing agents decreases and
oxidation rate of the metal decreases.>

Figure 6 shows the 3D images of the SiNb-xAl alloys, and
the effect of aluminum addition can be seen clearly as the
following findings; (i) oxide layer gets thinner and at the
highest aluminum content the original surface topography
of the alloy (SiNb-4Al) appears, (ii) both distribution and
amount of nodules decrease, (iii) tendency of growth of the
nodules to outer surface decreases. All these findings
indicate that by aluminum addition the formation of Fe-rich
oxides is effectively inhibited.”®® The decrease in oxida-
tion kinetics of the alloy having the highest aluminum
content is clearly seen by the distribution of small oxide
nodules and slower growth of the oxide layer on the sur-
face. In a study on the oxidation behavior of SiMo3Al
alloy, Lekakh et al. (2020) have reported that by the alu-
minum addition, the oxide nodules get smaller and are
distributed independently from each other on the oxidized
metal surface. The aluminum addition causes the formation
of an Al-rich oxide layer on the surface which inhibits the
growth of oxide nodules resulting in a low surface rough-
ness (2.5um).24
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Figure 6. 3D images showing the surface morphology of the oxidized alloys; (a) SiNb-1Al, (b) SiNb-2Al, (c) SiNb-3Al

and (d) SiNb-4Al.
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Figure 7. SEM images showing the surface morphology
of the oxidized alloys; (a) SiNb-1Al, (b) SiNb-2Al,
(c) SiNb-3AI and (d) SiNb-4Al.

SEM/EDS studies on the oxidized surfaces of SiNb-xAl
alloys reveal the presence of aluminum within the iron rich
oxide forms (Figure 7a-d). This is due to the presence of
Al-rich oxides (AlFeO3; or Al,O3) present in the inner
oxide layer in aluminum-modified cast iron composi-
tions.”*?**’3° The presence of Al-rich oxides in oxide
layer causes the decreased expansion of Fe-rich oxide
nodules resulting in a slower growth of the oxide layer on
the surface. As it is well known, aluminum rich oxides
prevent the inward diffusion of the oxidizing agents thus
causing slower oxidation kinetics.®®*® Due to this slower
growth, the oxide layer cannot cover the whole surface as a
result of which the oxidation of NbC in the ferritic matrix
has been observed clearly (Figure 7a-d). On the other hand,
nodules can grow after the nucleation of a thin protective
oxide layer on the metal surface. It is unavoidable that thin
protective oxide layer cracks and oxidizing gas agents
progress through the defects under the oxide layer and
contribute to the growth of nodules.> The SEM image
given in Figure 7c shows the smooth oxide layer covering
the surface and the nodules that grow and coalesce on it.
Ibrahim ef al.*® have reported that the amount of aluminum
addition alters both oxide components and layer thick-
nesses. At low aluminum addition, a thick oxide layer rich
in iron oxide forms and as the aluminum content increases,
AlFeQO; starts to form resulting in a decrease in the layer
thickness. Further increase in aluminum provides a thin,
stable Al,O; in the oxide layer inhibiting the formation of
iron oxides.?® As it is well known, the protective oxide
layers like Cr,O3, Al,O3 act as barriers to the diffusion of
oxygen and iron ions as a result which growth of iron oxide
layers can be reduced.'®-2%-23-26:69
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Figure 8. XRD patterns of (a) SiMo and SiNb and
(b) SiNb-xAl alloys the oxidized at 800 °C.

The oxides formed on the surfaces of the SiMo and SiNb
alloys are characterized by XRD and the diffractograms are
given in Figure 8. SiMo and SiNb alloys have iron and
iron-silicon oxides like FeO, Fe,03, Fe;0, and Fe,SiO,4 on
their surfaces (Figure 8a). Studies have shown that inner
layer consists of FeO and Si-rich Fe,SiO, / SiO, oxides®%
while the outer layer has Fe;O,4 and Fe,O; oxides.”>*® The
XRD data of SiNb-,Al alloys are given in Figure 8b and
iron and iron-silicon oxides (FeO, Fe,0s;, Fe;O, and
Fe,Si0,) are detected on their surfaces. The decrease in the
intensity of ferrous oxides can be attributed to the presence
of Al-rich oxides (Al,SiOs, Al,FeO,4 and AlFeO3) which
are responsible for the decrease in outward diffusion of
iron and inward diffusion of oxygen.

LM images showing the cross sections of the oxidized
SiMo and SiNb alloys are given in Figure 9. The difference
in the silicon content of the alloys determines the thickness
of the oxide layer formed during oxidation. SiNb alloy
having higher Si content has a thinner layer compared to
SiMo alloy. Despite the difference in thickness of the oxide
layers, both alloys have inner and outer oxide layers having
voids, visible in distinctive contrasts. The cross section
observations confirm the surface examinations that a
smooth layer is formed on the surface of SiMo alloy due to
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Figure 10. LM images showing the cross sections of the alloys oxidized at 800 °C
for 24 h; (a) SiNb-1Al, (b) SiNb-2Al, (c) SiNb-3Al and (d) SiNb-4Al.

the merging of the nodules and oxidation progresses
through the oxide nodules on the surface of SiNb alloy.

Figure 10 shows LM images of the cross sections of oxi-
dized aluminum-modified SiNb alloys. The decrease in the
thickness of oxide layer as aluminum addition increases
can be clearly followed. This is due to the formation of
protective Al-rich oxides (AlFeO,4/Al,0O3) having a barrier
effect toward the diffusion of oxidizing agents like iron and
oxygen ions.®®® The examinations on the cross sections
of the oxidized alloys reveal that the oxide scale consists of
inner and outer layers and the oxidation progresses by the
growth of the oxide layer and coalescence of the oxide
nodules as discussed in the surface characterization. As can
be seen from Figure 10, the graphite morphology also
affects the oxidation behavior of Al-modified alloys since
oxidizing agents can diffuse more easily toward the matrix
through vermicular graphite. As it is well known, alu-
minum segregates around the graphite nodule and inhibits
carbon diffusion toward graphite during solidification.
Thus, aluminum causes a decrease in graphite size and
changes its morphology resulting in increased vermicular
graphite®>’® Oxidation of vermicular graphite also causes

1770

110
100+ 1

9()—-
80+
70-
60:

50—. i
40+

30

Thickness of scale (um)

20
10 1

Dege,
K>
20K
92 m W RERRR]
. A RS X

0 T T
SiNb-1A1 SiNb-2Al SiNb-3Al SiNb-4Al

L T
SiMo SiNb

Figure 11. The thickness variation of the oxide layers on
SiMo and SiNb-xAl alloys tested in air atmosphere.

the formation of voids due to decarburization.”* In a recent
study on the effect of microstructural features on the oxi-
dation behavior of SiMo cast iron, the change in graphite
morphology by aluminum addition has been studied using
UCT imaging. It is observed that oxidation and decarbur-
ization progress through the interface of graphite that loses
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its nodularity. Thus, increase in aluminum content causes
higher amount of vermicular graphite resulting in increased
oxidation and decarburization toward the matrix. This is
due to the disruption (like formation of a void) between the
graphite nodule and the metal surface, as a result of which
free pass is provided for oxygen.*"”!

During the cross section studies the oxide scale thicknesses
of SiMo and SiNb-xAl cast irons tested in air atmosphere
are measured and shown in Figure 11. Surface investiga-
tions have revealed the presence of a dense and expanded
oxide layer on the surface of SiMo cast iron compared to
SiNDb cast iron. Therefore, it is inevitable that the thickness
of oxide scale on SiMo cast iron (98 pm) is higher than that
of SiNbD cast iron (45 um). Such a thick oxide layer is also
observed by Lekakh er al. (2020) on the surface of SiMo
cast iron, and it is reported that after oxidation at 650-800
°C for 100 hours, 100-150 um thick oxide layer can form.**
As aluminum is added to SiNb cast iron, due to the for-
mation of protective Al-rich oxides the thicknesses of
oxide scales on SiNb-xAl can be reduced as observed in
Figure 11. Considering the thicknesses of oxide scales
formed during oxidation tests in air atmosphere, for the
highest aluminum addition the thickness is decreased about
95 % and 90 % compared to SiMo and SiNb cast irons,
respectively. Effect of aluminum on the reduction in oxide
layer thickness is reported earlier for SiMo3Al cast iron
that is oxidized at 650-800 °C for 100 hours. The formation
of an oxide layer only 5-15 um thick, at all test tempera-
tures, is attributed to the formation of Al-rich oxide 1ayer.24
Lekakh et al. in their microtopographic studies (LCT) on
oxidation of SiMol.8Al ve SiMo3Al cast irons have
reported that an alumina film forms between the scale and
metal matrix which provides resistance to both oxidation
and decarburization.”' Ibrahim er al. have a similar

observation for a SiMo cast iron having 3 % Al. Cyclic
oxidation tests carried out at 900 °C for 600 hours have
revealed that a thinner oxide layer is formed on the surface

of the alloy compared to the one that does not have any
20

aluminum addition.

pm

pm .

Characterization of the Oxidized Alloys in Dry
Gas Atmosphere

The surfaces of the SiMo and SiNb alloys oxidized under
dry gas atmosphere containing CO, are examined by
optical profilometer and the obtained 3D images are given
in Figure 12. As shown in Figure 12a, an oxide layer of
15-20 pm thick covers the surface of SiMo alloy, nodules
are present about 100 pm in width and 35-40 pm in height
on the oxidized surface, most of which have combined and
expanded. A thinner oxide layer (5-10 um) is observed on
the surface of SiNb alloy and nodules having 50 pm width
and 30-35 pm height are present on the surface (Fig-
ure 12b) due to higher silicon content which provides a Si-
rich oxide layer acting as a better oxidation barrier.*®%
Smaller oxide nodules are observed in both alloys com-
pared to oxidation in air atmosphere due to the lower
oxygen content in exhaust gas atmosphere.

SEM images showing the oxidized surfaces of SiMo and
SiNbD alloys tested at 800 °C in gas atmosphere are given in
Figure 13. A continuous Fe and Si rich oxide layer covers
the whole surface and needle shaped Fe-rich oxide nodules
primarily growing on graphite are observed as seen in
Figure 13a. This is a typical oxide formation in SiMo
alloys as observed in earlier studies.'”**** Oxidation tests
at 850 °C in gas atmospheres having compositions,
5%C0,412%0,4-83%N, and 10%CO,+12%0,+78%N,
have shown that oxides like Fe,O5, Fe;0, and SiO, may
form on the surface of SiMo cast iron.”?

Similar features are observed on the oxidized surface of the
SiNb alloy (Figure 13b). A continuous Fe-Si oxide layer
covers the surface and spongy iron oxide nodules are seen
on this layer.

The effect of aluminum addition can be seen in 3D images
of the SiNb-xAl alloys given in Figure 14. Although find-
ings are similar to those observed in air atmosphere, the
oxide layer is thinner and as aluminum addition increases
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Figure 12. 3D images showing the surface morphology of the oxidized alloys; (a) SiMo and (b) SiNb.
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Figure 13. SEM images showing the surface morphol-
ogy of the oxidized alloys; (a) SiMo and (b) SiNb.

the topography of the metal surface can be observed
clearly. Even though surface topography forms due to the
oxidation of graphite rather than ferritic matrix, AZ which
reflects the difference between the surface and top of
deposited oxide does not increase since Al-rich oxides
having protective effect form around the graphite and
prevent the growth of oxide nodules. As a result, the
amount of oxide nodules decreases as aluminum increases.
These results are verified by SEM examinations given in
Figure 15. A thin Al-rich oxide layer covers the whole
surface of the alloys, as aluminum addition increases fur-
ther, amount and size of spongy iron oxide nodules
decrease (Figure 15). This is due to the thermodynamic

© o s w0 1 M0 29 300 WO 40 & 50 WO 600 &0 7O T 0 W KO 960

um

priority of Al-rich oxide formation.?® Oxidation tests per-
formed by Chandra-Ambhorn et al. in CO, containing
atmospheres have revealed that the oxidation resistance of
SiMo cast iron increases with 5.45 wt. % Al addition, due
to the formation of alumina layer on the surface.””

During oxidation in gas atmosphere, a rapid formation of
Al-rich oxide layer occurs and grows as multilayer struc-
ture is depleted in aluminum content. This phenomenon is
clearly detected by EDS point analyses as labeled on Fig-
ure 15b and obtained data is given in Table 3. According to
the elemental compositions, the metal surface is covered by
oxide layer having the highest aluminum content (Fig-
ure 15b, #1). As oxidation progresses, diffusion of iron
contributes to the growth of oxide layer and multilayered
structure forms accompanied by a decrease in aluminum
content (Figure 15b, #2-5).

The findings on the surface studies are supported by EDS
analyses on the cross sections of SiNb and SiNb-4Al alloys
as given in Figures 16 and 17. As seen in Figure 16a,
although fractured oxide layers exist due to the difference
in expansion coefficients of metal substrate and oxide
layers,23 the cross section structure consists of oxidized
graphite and carbides. The EDS data taken from the cross
section of SiNb alloy indicate that the top layer

(b)
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Figure 14. Optical profilometer images showing the surface morphology of the oxidized alloys; (a) SiNb-1Al,

(b) SiNb-2Al, (c) SiNb-3Al and (d) SiNb-4Al.
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Figure 15. SEM images showing the surface morphol-
ogy of the oxidized alloys; (a) SiNb-1Al, (b) SiNb-2Al,
(c) SiNb-3AI and (d) SiNb-4Al.

Table 3. EDS Data (wt.%) Obtained from the Oxidized
Surface of SiNb-2Al Alloy

Point Al Si Fe N 0]

#1 9.99 4.20 73.80 0.79 11.22
#2 9.67 412 60.46 0.67 25.08
#3 8.11 4.27 63.79 0.71 23.01
#4 3.79 2.10 62.55 0.89 30.65
#5 0.65 0.23 61.85 0.62 36.64

(a)

oxide layer

(Si, N)-rich
precipitate

oxidizgi graphite

Figure 16. SEM images showing the cross sections of
the oxidized SiNDb alloy; (a) oxide layer and (b) precipitate
in the matrix.

(Figure 16a, #1) is formed by Fe-rich oxides and toward the
matrix (Figure 16a, #2-5), the amount of silicon increases
while iron decreases (Table 4). This result proves that the
outer oxide layer consists of Fe,O3; and Fe;O,4 while the
inner layer is formed by FeO, Fe,Si04/SiO,. The nitrogen
amount is highest at interface of metal substrate and oxide
layer (Figure 16a, #5). During the oxidation tests of cast
irons in exhaust gas atmosphere, Tholence and Norell have
reported that a nitride zone is formed and SizNy
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Figure 17. SEM images showing the cross sections of
the oxidized SiNb-4Al alloy; (a) oxide layer and (b) oxi-
dized graphite.

precipitates exist in the ferritic matrix as well as MgSiN,
precipitates are present at the eutectic cell boundaries.'®'”
In SiNb alloy, a similar phenomenon is observed since
precipitates rich in silicon and nitrogen (52 Fe wt.%, 30 Si
wt.%, 18 N wt.%) are present in the matrix as seen in
Figure 16b. In order to investigate the effect of aluminum
addition to the oxidation behavior, cross section of SiNb-
4Al oxidized in exhaust gas atmosphere is examined by
SEM/EDS analyses (Figure 17). The thin oxide layer
formed on the metal surface has heterogeneous thickness
and spallation and cracks are observed at some areas.
Besides, it can be clearly seen that oxidation progresses
from surface toward the matrix through vermicular gra-
phite network (Figure 17a). EDS data taken from the points
labeled in Figure 17b are given in Table 4 and reveal that
the top of oxide layer consists of Fe-rich oxides (Fig-
ure 17b, #1) and toward the matrix both aluminum and
silicon content increase (Figure 17b, #2-5) proving the
presence of the protective Si and Al-rich oxides like
Fe,Si0,4/Si0,, AlFeO3/Al,03. According to the data, it can
be concluded that the barrier effect is mainly due to the
formation of Al-rich oxides rather than Si-rich oxides and
similar to SiNb alloy, due to presence of N, in the exhaust
gas, the nitrogen level also increases toward the matrix
having high nitrogen solubility (Table 4).

Figure 18 indicates the oxide scale thicknesses of SiMo and
SiNb-xAl cast irons tested in dry gas atmosphere. Even

—
n
1

o
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Thickncss of scalc (pm)

T T T T T T T T T f
SiMo SiNb SiNb-1Al SiNb-2A1 SiNb-3Al SiNb-4Al

Figure 18. The thickness variation of the oxide layers on
SiMo and SiNb-xAl alloys tested in dry gas atmosphere.
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Table 4. EDS data (wt.%) obtained from the cross sections of oxidized SiNb and SiNb-4Al alloys.

Point SiNb SiNb-4Al

Si Fe (0] N Si Fe Al (0] N
#1 0.87 93.89 2.47 0.03 1.53 87.29 1.74 3.20 0.01
#2 1.18 90.21 3.71 0.24 2.26 80.74 8.76 2.48 0.11
#3 10.98 70.92 4.88 0.43 8.23 67.82 13.90 5.59 0.43
#4 11.54 68.86 5.76 1.35 7.66 66.15 16.97 5.10 0.76
#5 16.12 64.17 7.49 1.68 12.47 48.94 24.56 9.88 2.26

though the thicknesses of oxide scale are less than those in
air atmosphere (Figure 11) due to the lower O, content in
dry gas atmosphere, similar trend is observed: (i) SiMo cast
iron has the thickest oxide scale (16.5 pm) compared to the
SiNb-xAl cast irons and (ii) aluminum addition to the SiNb
cast iron reduces the thicknesses of the oxide scales.

The presence of all oxides formed on the surfaces of all the
alloys tested in gas atmosphere at 800 °C is verified by

(a) VTe0,
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o FeO
® Te,Si0,
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Vjé JJLOT(M tﬁjm[ ke mSiMo
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Figure 19. XRD patterns of (a) SiMo and SiNb and
(b) SiNb-xAl alloys the oxidized at gas atmosphere at 800

°C.
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XRD analyses as shown in Figure 19. As similar to the
findings obtained from air oxidation studies, SiMo and
SiNb alloys have Fe and Si rich oxides (Fe,O3, Fe;0,4, FeO
and Fe,Si0O,), whereas in SiNb-xAl alloys, Al-rich oxides
(Al,FeOy4, AlFeO5; and Al,SiOs) are detected as well. The
intensities of the Fe-rich oxide peaks decrease as Al-rich
oxide peaks appear.

Conclusion

In this study, initial stage oxidation of novel SiNb-xAl (x:0-
4 wt.%) ductile cast iron compositions to be used as
potential exhaust manifold materials are evaluated in air
and CO,-containing gas atmospheres. Oxidation tests
revealed that multi-layered and porous oxide scales formed
and spongy oxide nodules grew on the metal surface. The
oxidized surfaces of SiMo and SiNb alloys had spongy Fe-
rich oxide nodules (Fe,Os, Fe;0,4, FeO) on a smooth Si-
rich oxide scale (Fe,Si04/Si0,). Although the surface
characteristics of oxidized alloys were similar at both
atmospheres, due to the lower oxygen content in gas
atmosphere, thinner oxide layers and dispersed smaller
nodules were observed. As aluminum was added to SiNb
alloy, spongy Fe-rich oxides became smaller and got lesser
compared to SiNb and the surface was covered by thinner
Al-rich oxide scale (Al,SiOs, Al,FeO, and AlFeQs3). Thus,
SiNb-xAl alloys can be suggested as alternative exhaust
manifold materials at elevated temperatures due to their
better oxidation resistance.
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