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Abstract

Silicon and molybdenum (SiMo) alloyed cast irons with spherical graphite are
used for exhaust manifolds for service at high temperatures in air and combustion
atmospheres containing water vapor. Analysis of degraded surfaces of in-service
manifolds indicates existence of a combined oxidation and de-carburization (de-
C) phenomena. Therefore, sequential high-temperature tests in air and combustion
atmosphere with recording weight change together with carbon analysis at each time
step were utilized to quantify the kinetics of both processes. The recorded weight
change was related to weight gain due to oxidation and weight loss due to de-C. Car-
bon analysis was used to de-couple these two processes. SEM measured thicknesses
of de-C layers were used to verify kinetics obtained from changes in carbon concen-
tration during oxidation. It was shown that the oxidation and de-C kinetics have dif-
ferent sensitivities to testing temperature and the type of oxidizing atmospheres. At
700 °C and above, there are several significant mutual effects between scale forma-
tion and de-C processes which affect the kinetics of these processes and activation
energy. The tested experimental methodology for decoupling these processes can be
used for alloy optimization.
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Introduction

In order to meet future emission regulations and improve fuel efficiency, the temper-
ature of the exhaust gases in automotive engines is projected to increase [1]. There-
fore, the need exists to improve cast materials which could combine exceptional
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technological properties, such as low solidification shrinkage and high fluidity
needed to cast complicated shape thin wall manifold, with possibility to operate at
higher temperatures in an oxidizing atmosphere. Cast irons with spherical graphite
that are highly alloyed with silicon and molybdenum (SiMo), and sometimes with
chromium and aluminum additions, have been proposed for use in cast exhaust man-
ifolds to increase the oxidation resistance [1-5]. During high temperature exposure
of SiMo cast iron in air and contained water vapor exhaust gases, a multi-layered
oxide scale is formed. This scale consists of outer layers of hematite and magnetite
growing outward, an inner layer of magnetite and spinel phases growing into the
substrate, and a thin barrier film of SiO, (silica) at the oxide/metal interface [5-8].
In addition, a deeply de-carburized (de-C) layer in the matrix has been observed [5].
It was found that oxidation of these alloys in exhaust gases is more extensive than in
air because the protective silica film is less effective in the presence of a water vapor
containing environment [9, 10]. The protective role of the silicon-rich oxide film at
metal-oxide interface has also been investigated and the thickness and continuity of
silica is proposed to control both the oxidation and de-C kinetics. In humid exhaust
gases, the silica film is not always continuous, which could be due to the several pro-
cesses, including: an increase in oxygen permeability in iron with water vapor and
de-C of the metal matrix. Therefore, a coupled analysis of the kinetics of oxidation
and the de-C processes is important because both processes occur simultaneously
during surface degradation of SiMo ductile iron.

De-C and scale formation of iron alloys both play an important role in many met-
allurgical processes, as well as during service life. In most cases, de-C is considered
to have a negative impact on product quality and the metallic component integrity
during service. Therefore, attempts are made to avoid or minimize de-C during con-
tinuous casting, slab re-heating for hot rolling, and in different heat treatment opera-
tions of steel and cast irons. De-C of iron-carbon alloys can be a serious problem
because the degraded surface layer reduces strength, wear resistance, and can enable
fatigue failures. Typically, during metallurgical processes, scale formation and de-C
occur simultaneously [11]. The de-C behavior of high carbon 60Si2MnA steel in
dry and wet atmospheres containing different amounts of O, with or without CO,,
at 700-1000 °C has been investigated [12, 13]. It was observed that severe de-C
was associated with the formation of wustite (FeO) scale and the de-C tendency at
800 °C was greater than at 700 °C or 900 °C. When FeO was suppressed by heating
in dry O, containing gases, surface de-C was inhibited by a silica film. At a higher
temperature (1000 °C), FeO was able to form on the austenite matrix, and de-C ten-
dency was alleviated because of lower carbon diffusivity in austenite compared with
in ferrite. According to [13], samples treated at 700 °C in the ambient air showed
measurable de-C layer. In the presence of water vapor, no de-C layer was observed
and in contrast, intensive de-C process was observed in completely dry air. To ana-
lyze oxidation and de-C kinetics separately, the measured apparent weight gains
after the test was adjusted by weight loss due de-C. The weight loss was calculated
from the measured thickness of the de-C layer.

However, de-C of iron-carbon alloys can be specifically designed as tool for
solid state steel production [14—16]. In these processes, supplemental oxida-
tion tried was suppressed and avoided by carefully controlling temperature and
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surrounding environment. The solid-state de-C is considered to be an effective
way to transform high-carbon cast iron into low-carbon steel with minimal envi-
ronmental impact. Controlled solid-state de-C was also suggested to develop
functional gradient materials, such as multi layered sheet production with a duc-
tile low-carbon external layer and a high-strength high carbon core [17]. The con-
trolled de-C process of cast irons was suggested for making a new engineering
material [18]. In this process, pores from de-C subsurface graphite particles were
infiltrated by alternative materials. The effects of holding time, temperature, and
chemical composition were investigated for different graphite morphologies (flake
graphite, compacted graphite, and spheroidal graphite). The rate of formation of
surface porosity was faster in flake graphite irons than that for the other graphite
morphologies. It happened because flake graphite is interconnected phase in the
matrix, whereas graphite nodules are separated from each other.

The authors recently performed qualitative non-destructive pCT and SEM/
EDX analysis of oxidized high SiMo cast iron in air and in synthetic combus-
tion atmospheres at 700 °C and 800 °C [19]. Figure 1 illustrates a degraded sur-
face of SiMo ductile iron consisting of an external iron oxide, an internal layer
of mixed Fe-Si oxides, a thin silica film, and a de-C layer that extended into the
metal matrix with spherical pores from oxidized graphite nodules (Fig. la). It
was shown that increasing the test temperature and water vapor in combustion
atmosphere both change scale morphology from a uniform layer growth to highly
nonuniform layer. An example of 3D shape of nonuniform oxide layer is shown
Fig. 1b. The transformation of uniform to nonuniform scale structures was linked
to the intensity of the de-C process, while kinetics of these reactions in SiMo
cast iron was not quantified. Surface degradation during oxidation and thermo-
mechanical load plays important role in fatigue crack initiation [20] and qualita-
tive analysis of these processes is important for manifold lifetime prediction.

The objective of this study was quantitative characterization of both oxidation
and de-C processes during exposing SiMo cast iron on air and combustion gas
atmosphere at different temperatures.

Si Mn o
174 - 72.9
3.7 0.8 59.8
- 1.0 65.3

Fig. 1 SiMo cast iron oxidized in air at 800 °C during 100 h: (a) SEM/EDX analysis of multilayered
scale structure and (b) u-CT scan of the nonuniform scale layer [19]
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Table 1 Chemistry of SiMo cast c Si Mn Mo Ni Cr Mg P
iron (wt%)

3.20 4.25 0.34 0.71 0.20 0.05 0.03 0.02
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Fig.2 Optical microstructure (a) and SEM/EDX analysis (b) of SiMo cast iron. Graphite nodules are
black and complex Mo-carbides locate at grain boundaries are bright on SEM image

Procedures
Investigation of Surface Structure of In-Service Manifolds

This analysis was performed to verify surface degradation of car manifolds after
97,000 miles service. There were no indicators of macro-cracks or other large
defects which could require decommissioning of the manifolds. The specimens
were extracted from the manifold using core drilling, and they were studied using
SEM/EDX Aspex system and Raman spectroscopy in cross sections from both
surfaces: the internal surface exposed to combustion gases (exhaust surface) and
the external surface oxidized in air (air surface). This manifold was made from
SiMo cast iron with a composition similar to the composition used in the main
study presented in this article (Table 1).

Experimental

The chemistry of the studied SiMo cast iron, measured by spectral analysis (main
elements) and Leco combustion (C), is given in Table 1. This alloy contained
3.2% C (to form graphite eutectic), 4.2% Si (for oxidation protection), 0.7% Mo
(for creep resistance), and 0.03% Mg (for graphite phase spheroidization). Opti-
cal and SEM images of studied alloy are given in Fig. 2. The structure in the as-
cast condition consisted of near spherical graphite nodules distributed in silicon
alloyed ferritic matrix and complex molybdenum carbide, which are located at
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the grain boundaries. High Si alloying has adverse effect on the shape of graphite
nodules in Mg-treated cast iron and decreases it nodularity index [21].

The used SiMo cast iron had 3.2% C; therefore, de-C could occur simultaneously
with oxidation during high-temperature exposure in air or in exhaust gases. To study
both processes, the procedure included recording changes in weigh (AG,,) and car-
bon concentration (AC, wt%) using multiple specimens, one for each specific test
time. The tests were performed using rectangular-shape specimens that measured
4% 12%35 mm, which were milled from a cast plate and subjected to wet grinding
with 60 grit silicon carbide wheel on all sides of the specimens. Two experimental
sets were performed. In the first experimental set, the oxidation tests were performed
to study reaction kinetics in combustion atmosphere. These tests were performed
with several sequential time steps up to 200 h at 700 °C, 750 °C, and 800 °C. One
specimen was removed from furnace after cooling in controlled atmosphere after
each time step. The remained specimens were again heated to continue oxida-
tion test. In the second comparison set, tests were performed on air and combus-
tion atmosphere without interruption during 100 h at 650 °C, 700 °C, 750 °C, and
800 °C. This temperature range is considered a normal upper working temperature
range for exhaust automotive components made from SiMo cast iron. In both sets,
oxidation was performed in a preliminary treated at 1000 °C open shallow rectangu-
lar shaped alumina crucible. The shape of the crucible permitted gas flow around all
specimen surfaces and collect spalled scale.

A three-channel mass flow meter was used to prepare the synthetic combustion
atmosphere, which consisted of 2 vol% O,, 15 vol% CO,, and remaining N,. The
applied 500 ml/min gas mixture flow rate was sufficient to prevent gas starvation
due to specimen oxidation in the furnace. An oxygen meter was used to check oxy-
gen concentration in the furnace before and after testing. Water vapor equilibrium
saturation (15 vol%) was performed by bubbling a gas mixture through a 500 ml
volume water bath inside a heated stainless steel cylinder. An average humidity was
also determined by recalculation from weight of water loss over the duration of the
test. Two-zone sealed horizontal quartz tube furnace was used at ambient pressure
for these tests with+1 °C precision of temperature control. The furnace tube was
flushed for 30 min with combustion gas before and after each heating cycle.

Specimens and crucibles were weighed before and after experiments to determine
a total “apparent” weight change per specimen unit area (AG,, g/m?). After that, a
central part of the specimen was sectioned in the transverse direction using a preci-
sion water cooled saw to extract a thin sample for Leco CS 500 combustion carbon
analysis. This sample included the complete perimeter that was exposed to the oxi-
dizing atmosphere during the test. A measured change in C concentration before and
after the test (AC, wt%) was used to calculate weight loss due to de-C (AG,), con-
sidering weight (W, g) and surface area (S, m?) of a specimen: AG~=0.01*AC*W/S.
The shape and dimensions of the specimen were chosen to provide sensitivity of
carbon analysis from surface de-C while prevent full de-C near the center. The “true
oxidation” which presented an amount of oxygen reacted with metallic compo-
nents to form scale (AG,_.,.» /M) was calculated from the measured weight gain
(AG,y,) and adjusted by the weight loss due to de-C (AG(). In addition, oxygen con-
sumed for de-C (AG_4,¢) Was calculated from AG assuming the formation of CO
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gas: AG,_s,c=(16/12)*AG, g/m?. To verify de-C measured from changing C con-
centration, an average thickness of the de-C layer was measured metallographically
using SEM/EDX analysis with the ASPEX system. Using this measurement, the car-
bon loss (AG) was calculated from a measured thickness of de-C layer (micron),
specimen total area and density, assuming zero carbon in ferritic matrix, a sharp
boundary. Vice versa, a thickness of the de-C layer also was estimated from the
Leco combustion test using similar assumption. The results of these two methods,
from C analysis and SEM observation, were compared using the same de-C layer
thickness parameter.

Thermodynamic Simulation

Prediction for competitive local oxidation reactions of active elements with the for-
mation of multi-layered scale structures and de-C layer in SiMo cast iron was per-
formed using FactSage 7.3 thermodynamic software [22]. The databases employed
for the calculations included FSsteel, FToxid, and FactPS. The local equilibrium
conditions were simulated by stepwise additions of oxygen into the alloy streams
from the previous calculation step assuming irreversible reactions. The thermody-
namic simulations were performed with the assumption that the local equilibrium
condition was reached between the gas components, formed oxide phases, and
the SiMo cast iron. This method allows one to predict different phases potentially
formed at low (inner layer) and high (outer layer) oxygen partial pressure. Using a
variety of oxygen/SiMo mass ratios, the different oxide phases which were formed
under the local equilibrium condition were traced from low oxygen (for inner layer)
to high oxygen ratios presented in the outer scale layer. The simulation temperature
was 800 °C.

Results
In-Service Manifold Analysis

The significant differences in scale structure and chemistry between exhaust-side
and air-side surfaces of in-service manifold were observed (Figs. 3, 4). Scale formed
on the exhaust-side surface in contact with exhaust gases and had approximately
100 um thickness (Fig. 3b). Internal porosity, cracks, and evidence of scale delami-
nation were present. The mixed-wave layers in the exhaust-side scale had a combi-
nation of iron oxides and fayalite, with phosphorus and the other contaminations
coming from combusted fuel (Table 2). This structure indicated partial renewal
of surface layers because of scale cracking and spalling. Scale on the air-side sur-
face was denser with fewer defects; however, the scale thickness was irregular and
penetrated into a casting wall due to fatigue micro-crack propagation. Oxides were
present in these cracks. In both cases, there was evidence of de-C, which was pre-
sent as partially and completely empty “nests,” which were previously occupied by
graphite nodules (insert in Fig. 3c). The resultant round pores were incorporated
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Fig. 3 Field car manifold with 97,000 miles servise (a) and cross section of surfaces near exhaust-side
(b), and air-side (c)
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Fig.4 Phases identified in scale of field manifolds using Raman spectroscopy

Table 2 EDX analysis (wt%) of

o Point 0] Fe Si Mn Mo P
phases in internal and external
mamfold surfaces (points from 1 56 39 _ _ _ 32
Fig. 3)
2 56 40 - - - 1.5
3 67 13 17.2 0.7
4 59 34 4.9 0.5 - 1
5 54 46 - 0.4 - 1
6 53 40 39 0.8 0.6 -
7 20 70 5.5 1.1 - -
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into the scale structure and were also distributed along the boundary layer in the
metal matrix at a 150-200 um depth.

This observation demonstrated that coupled oxidation and de-C processes take
place in the SiMo cast iron manifold during service. These processes are affected
by time, temperature, atmosphere and thermo-cycling stress. The high compressive
stresses in the exhaust manifold are caused by the high material temperature and
restricted thermal expansion. When the stress exceeds the yield strength of the mate-
rial, plastic deformation occurs and after the engine is cooled down, the compressive
stress changes to local tensile stress. At different locations, compression stress pro-
motes scale delamination from the casting wall, while tension stress initiates fatigue
crack nucleation [23].

Oxidation Tests

The weight gain per unit area of the oxidized surface after sequential holding of five
specimens for each test temperature (700 °C, 750 °C, and 800 °C) in a synthetic
combustion atmosphere is shown in Fig. 5a. At lower test temperature (700 °C),
the weight gain had a parabolic trend during the holding time, which is typical for
a diffusion-controlled oxidation process. However, increasing the test temperature

(@) (b)
300 Comb. Bl Comb.
250 —170i0C -=-700C
-e750C .
E 200 2 1 -+-800C PU
E) 2
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= 150 ] g 3
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2 100 0.5 %
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Fig.5 Weight gain (a), carbon decrease due de-C (b), and calculated true oxidation (¢) of SiMo cast iron
tested in combustion atmosphere
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Fig.6 Outer, inner and de-C layers in SiMo cast iron oxidized 200 h in combustion atmosphere at 700 °C
(a), 750 °C (b) and 800 °C

Table 3 Local composition

(Wt%) of scale layers formed in Point 0 re Si Mn
SiMo cast iron oxidized during 1 46 41 9 1
200 h in combustion atmosphere
at 750 °C (points from Fig. 6b) 2 58 34 37 1

3 59 35 1 -

to 750 °C changed the parabolic trend to a linear trend. A similar linear trend
was observed during the initial oxidation period at 800 °C; however, weight gain
decreased with increased test time. Such changes in weight gain were related to syn-
ergistic effects of the two nonlinear processes: weight gain due to oxidation with
formation of oxide scale and weight loss due to de-C. A Leco combustion analysis
of carbon concentration showed (Fig. 5b) that de-C was not significant in the speci-
mens tested at 700 °C. However, the de-C rate increased at 750 °C test temperatures.
The kinetic de-C curves exhibited a parabolic trend at high temperatures. Consider-
ing weight loss due to de-C, a true oxidation was calculated (Fig. 5c) from experi-
mentally measured weight change (Fig. 5a).

All true oxidation curves had a parabolic trend but the oxidation rate did not
increase proportionally with increasing the test temperature. Strong oxidation was
observed at 700 °C with the formation of a thick and dense oxide layer (Fig. 6a).
The oxidation rate declined with increasing the test temperature to 750 °C, which
could be related to the intensified de-C process. At this temperature it was also
found that the scale consisted of external iron oxides, an internal mixture of fayalite
(Fe,Si0,) with iron oxide, and thin film of silica along the metal boundary (Fig. 6b
and Table 3). Increasing the test temperature to 800 °C dramatically changed the
scale topology. Cracks occurred parallel to the metal boundary in the internal layer
and delamination of the external layer started at an early oxidation time (Fig. 6¢).
Due to the cracks, the scale spalling from the flat surface intensified with increasing
exposure time.

In the second set, oxidation tests were performed at 100 h using four temperatures
(650 °C, 700 °C, 750 °C, and 800 °C) in both the combustion atmosphere and in the
air. This uninterrupted set of tests was performed to avoid additional stress on scale
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during several cooling/heating cycles, which were applied in interrupted first test
set. In the combustion atmosphere, the scale that formed at 650 °C was mostly dense
throughout the external and internal layers with pockets of pores in the external
scale layer. Like to observed in set 1 (Fig. 6), cracks in the external layer appeared at
700 °C, and active delamination was visible at 750 °C. In both, first and second sets,
both scale layers (internal and external) had massive porosity and multiple cracks in
specimens oxidized at 800 °C in the combustion atmosphere.

Samples oxidized in the air for 100 h exhibited less severe scale defects (Fig. 7)
when compared with oxidation in the combustion atmosphere. Oxide layers were
relatively dense at 650 °C and 700 °C and had uniform scale/metal boundary and
scale thickness. Porosity in the external layer and uneven scale thickness and scale/
metal interface were observed at the elevated temperature of 750 °C. Severe crack-
ing and delamination of the external oxide layer was present at 800 °C (Fig. 7).
Significant de-C layers were present in the specimens exposed to air at 750 °C and
800 °C.

Leco combustion analysis also showed that a decrease in carbon intensified
at high temperatures (see De-C curve in Fig. 8). This carbon change was used to
calculate weight loss due to de-C. Both, weight gain due to oxidation and weight
loss due to de-C were used to calculate the true oxidation rate (see oxidation curve
Fig. 8). The minimal true oxidation rate was observed at 700 °C and it increased
with increasing temperature to 800 °C.

Discussion

Continuous and cycled heating/cooling thermo-gravimetric analysis (TGA) that
monitors specimen weight change is a common method used to study high-tempera-
ture oxidation of metallic alloys. However, in SiMo cast iron case, TGA will record
apparent weight change during oxidation, which is the results of several processes,
including oxidation of metallic components (weight gain), as well as weight losses
due to spalling scale and de-C. In these conditions, to obtain “true” oxidation of
metallic alloy components, the measured apparent weight change during experi-
ment needs to be adjusted by: (i) the amount of lost carbon and (ii) spalled scale.
Therefore, to study reaction kinetics, experiments in set 1 were performed in several
time steps with collecting spalled scale in crucible and using multiple specimens
for followed carbon analysis. Also, experiments in additional set 2 were performed
at 100 h to compare oxidation on air and combustion atmosphere contained water
vapor. After each test, slice from a specimen middle section with whole oxidized
perimeter was used for combustion carbon analysis. The thickness of used speci-
mens was chosen to get a measurable carbon change and simultaneously avoid com-
plete de-C of a middle part. This procedure was used to decouple surface oxidation
of metallic component and surface scale formation from internal de-C.

Experiments showed that surface and subsurface degradation in SiMo cast iron
with spherical graphite during service is related to the complex effect of oxida-
tion and de-C. At 650 °C, oxidized surfaces did not show signs of de-C. However,
these two processes occurred simultaneously at a higher oxidation temperature. It
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Fig.7 Top view and cross sections of SiMo ductile iron oxidized in air during 100 h
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Fig.8 De-C and true oxidation of SiMo ductile iron heated in air during100 h at different temperatures

was shown that the total weight change during the high-temperature exposure was
related to weight gain due to oxidation and weight loss due to de-C. The applied
methodology allowed these two processes to be differentiated. The importance of
such adjustments of the original weight gain is illustrated in Fig. 9. The de-C had
minor effect on the calculated true oxidation kinetics below 700 °C; however, at
higher temperature, the total weight gain results required significant adjustment to
achieve the true oxidation results because of the weight loss due to de-C.

There are several possible methods to decipher the data based on measured de-C
from Leco C analysis or from measured de-C layer in cross section. In this study,
de-C was estimated by carbon analysis and compared to measured thickness of de-C
layer. Both methods require assumptions for recalculation of experimental data and

300 4
- Weight gain (750C)
250 1 -e—True oxidation (750C)
NE -+-Weight gain (800C)
S 200] - True oxidation (800C) /.—/"’"/4
2
S 150 ]
=
o
S ]
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Fig. 9 Effect of adjustment of measured weight gain by weight loss due de-C to obtain the true oxidation
rate (combustion atmosphere)
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these assumptions were described in the Procedures. The change in C percent, or
measured thickness of the de-C layer both need recalculations to account for the
overall specimen weight loss, which can involve some experimental error. For exam-
ple, there is no well-defined boundary between the de-C layer and the initial matrix
in cast iron with spherical graphite. The SEM measurements of de-C layer were
done in 5 places and standard deviation was reported. The Leco carbon analysis also
was repeated using several samples which were cut from oxidized specimens. The
correlation between a measured thickness of the de-C layer and a recalculated thick-
ness from carbon combustion analysis is shown in Fig. 10. In this study, data from
Leco carbon analysis was used to adjust the weight gain data and provide what it
referred to as a “true” oxidation rate.

The coupled processes of de-C and surface oxidation could be qualitatively pre-
dicted from thermodynamic simulations, which used the local equilibrium concept
at different ratios of added gas oxidant to SiMo ductile iron. The local equilibrium
showed the conditions on different depths from the external surface of the specimen.
In the graph shown in Fig. 11, the sum for all formed oxide phases was assumed
to be equal to unity at each oxygen/alloy ratio. At restricted oxygen accessibility
which relates a low ratio, graphite will be oxidized by forming a CO gas phase, and
also a protection silica phase will be formed at metal/scale interface. The following
internal layer will be developed as a mixture of fayalite with wiistite, and an external
layer will consist of pure iron oxides. These calculations predict the sequence of
formed layers, which were observed on the real scale formed in oxidized SiMo cast
iron (Fig. 6 and Table 3).

A degree of de-C can be approximated by a power-law (Eq. 1):

AC = kt" (1)

where: k and 7 are kinetics constants and 7 is the time.

The experimental kinetics constant n at each temperature was determined by
plotting Ln(AC) versus Ln(z) (Fig. 12a). The slope values (n) were between 0.64
and 1.1 which are above the value 0.5 for the typical diffusion-control kinetics. The

800 -

700

600 -

500 -
400 1
300 -
200 - H
100 -
-
0 100 200 300 400 500 600 700 800
De-C layer (SEM), pm

De-C layer (Leco), um

Fig. 10 Correlation between measured thickness of de-C layer and calculated from Leco C analysis
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Fig. 11 Thermodynamic prediction of oxidation and de-C sequences of SiMo ductile iron at 800 °C
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Fig. 12 Ln(L) versus Ln(z) at different temperatures (a) and Arrhenius plot (b) for de-C of SiMo cast iron
with spherical graphite oxidized in combustion atmosphere

intercepts of the plots corresponding to Ln(k) were plotted again at each recipro-
cal absolute temperature 7 (Fig. 12b) to obtain activation energy Q using Arrhenius
Eq. 2:

Ln(K) = Ln(k,) —-Q/RT 2)
where: & is the constant, R is the gas constant.

The determined activation energy of de-C in SiMo ductile iron was 182 kJ/mol at
temperatures above 750 °C. This value is higher than 125 kJ/mol activation energy
of carbon diffusion in 3.6% Si alloyed ferrite [24] and close to 185 kJ/mol activation
energy which was found during de-C of carbon steel at austenite stability tempera-
tures [25]. However, the apparent activation energy of at temperature below 750 °C
was unusually higher, which indicated interference with the other rate-controlling
mechanisms. It could be assumed that increasing temperature destroyed the protec-
tive function of silica film on the metal/scale interface. To verify effect of silica film
barrier, simplified estimation of de-C layer was done assuming that this process is

@ Springer



Oxidation of Metals (2021) 95:251-268 265

1.2,
) —+Comb.
11 e Air
] —=—Diffusion
< 08
s ]
G 0.6
® 1
(=] ]
0.4 ]
L
0.2
Ve
650 700 750 800

Temperature, °C

Fig. 13 Comparison of experimental de-C of SiMo cast iron during 100 h in air and combustion atmos-
phere with diffusion model for experimental test conditions

limited only by carbon mobility in the matrix. Figure 13 illustrates large differences
between simulated de-C of used test specimen considering only carbon diffusion in
ferrite (Eq. 3 [26]), and that was experimentally measured by carbon Leco combus-
tion analysis of SiMo ductile iron oxidized in combustion atmosphere during 100 h:

C, = Coerf[O.SL/ (Dcr)o'j] 3)

where: C, in the carbon concentration in alloy at distance L, D,. is carbon diffusion
coefficient, T is time, and erf is the Gauss error function.

The deviation of the experimentally observed values n, activation energy, and
carbon loss from the simplified model of diffusion-controlled de-C could be affected
by an alloying element interference, barriers to the diffusion carbon from graphite
nodules to the matrix, and diffusion resistance of formed oxides at the alloy/scale
boundary. It was shown that cast structure significantly affects alloy de-C [18]. In
spheroidal graphite cast iron, the graphite phase presented in the ferrite matrix as
localized nodules. In such a structure, the de-C process and formation of porosity is
controlled by transferring carbon through the graphite matrix boundary as well as
bulk diffusion in the matrix. Cast iron with spherical graphite has a slower de-C rate
when compared to oxidation of cast iron with compacted and flake graphite. Roles
of these factors are more important at the lowest test temperature of 650 °C, and
these barriers became less effective at 750-800 °C (Fig. 13). More investigations
needed to be performed to verify interactions of different mechanisms.

Exhaust-side of exhaust manifolds exposes to combustion atmosphere containing
water vapor, while air-side surfaces are oxidized in less humid air. It is well known
that water vapor accelerates the oxidation reaction rate. Decoupling oxidation of
alloy from de-C showed that these two processes are uniquely sensitive to the test
atmospheres and temperatures. De-C intensified with increasing test temperature,
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while the atmosphere showed minor differences (Fig. 13). On the contrary, the true
oxidation was twice as intense in the combustion atmosphere, which contained water
vapor (Fig. 14). Complicated temperature trends of the true oxidation rate indicated
possible mutual effects. For example, at lower test temperatures, de-C could slow
oxidation of other elements in an alloy by consuming oxygen; however, at higher
temperatures, intensive de-C could promote oxygen penetration through developed
porosity. Developed CO gas pressure could deform the surface of alloy and increase
defectiveness of formed brittle protection silica film, which can cause cracks and
voids in internal and external scale layers. These defects were observed on a scale
formed at 800 °C in the combustion atmosphere (Fig. 6).

Both processes, including oxidation of the main alloy components and de-C of
graphite nodules resulted in surface degradation of SiMo cast iron during service.
The role of de-C could be disregarded below 700 °C, and this temperature could be
considered a safe temperature for service. However, increasing temperature intensi-
fied the surface degradation by combining several mechanisms, which can increase
surface defects. The comparison of surface degradation in the studied manifold with
laboratory oxidation results suggests that this manifold was exposed during ser-
vice to up to 700 °C temperatures because de-C and severe oxidation were identi-
fied along the exhaust and air sides; however, for full comparison exposure time and
thermal stress also needed to be considered.

Conclusions
Surface and subsurface degradation of SiMo ductile iron during high temperature
exposure in air and water vapor containing combustion gas atmosphere are related

to complex effects of oxidation and de-C. The surface degradation during laboratory
tests suggested that the in-service manifold was exposed to temperatures >700 °C
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Fig. 14 Oxidation and de-C of SiMo ductile iron in air and combustion atmosphere (100 h test time)
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as de-C and severe oxidation was identified along the inner and outer manifold
surfaces.

The true kinetics of both the oxidation and de-C processes were established using
experimentally measured weight gain and calculated weight loss due to de-C. It was
shown that the rate of oxidation and de-C of SiMo cast iron with spherical graphite
have different sensitivities to test temperatures and the specific conditions of the oxi-
dizing atmosphere. At 700 °C and above, there are several significant mutual effects
between scale formation and de-C processes which affect the kinetics of these
processes.

The mutual effect of oxidation and de-C complicated the theoretical analysis of
surface degradation in SiMo cast iron with spherical graphite. In both processes,
atomic mobility of gas oxidant and alloy components play important roles, and sim-
plified individual models for oxidation and de-C could be built assuming independ-
ence. However, complex analysis of the mutual effect of formation of multi-layered
structure with silica protection barrier on metal/scale boundary, internal and exter-
nal scale defects (cracks, lamination and spalling), pores in matrix from oxidized
graphite nodules, and development of internal CO gas pressure will require sophis-
ticated analytical models to account for all of these interactions. The experimental
methodology for decoupling these processes will provide experimental data needed
for future simulations.
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