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Abstract
To improve the oxidation resistance of cast iron containing Si and Mo (HiSiMo), 
1wt.% Cr and 3wt.% Al were added into the base alloy to improve high temper-
ature oxidation resistance for exhaust manifold applications. Oxidation tests were 
performed in both dry and wet air (air + 10%  H2O) at 800  °C for 1, 10, 24, and 
50 h. The mass change and oxide thickness were measured to evaluate the oxidation 
resistance. Scanning electron microscopy with energy dispersive X-ray spectroscopy 
(SEM/EDS) and transmission electron microscopy (TEM) were employed to charac-
terize the oxidized samples. The results showed that the additions of Al or Cr selec-
tively oxidized to form a more oxidation resistant surface oxide layer, which reduced 
the mass gain during these experiments.

Keywords HiSiMo · Cast iron · Oxidation · TEM

Introduction

Spheroidal graphite cast irons have been widely used in automotive parts such as 
brake discs and brake drums, engine heads, diesel engine blocks, heat exchangers, 
and exhaust manifolds because of their good thermal conductivity, high strength, 
excellent fatigue resistance and low cost [1–3]. HiSiMo cast irons are one of the 
most extensively used alloys for exhaust manifolds up to ~ 800  °C based on their 
high-temperature oxidation and thermal fatigue resistance [4–10]. In recent years, 
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the maximum combustion temperature has increased to almost 900  °C due to the 
high demand for increased fuel economy [11–13]. To improve the performance of 
HiSiMo cast irons [4, 14, 15], different alloying strategies have been developed, 
such as Cr and Al additions [8, 16]. Among the alloys studied, additions of 1wt.% Cr 
and 3wt.% Al were the most effective to enhance thermomechanical fatigue perfor-
mance under high temperature oxidation conditions. In this study, oxidation results 
for these Cr and Al additions are presented at 800 °C.

Experimental

Three cast irons were studied in this work: the base HiSiMo (HSM) cast iron, 
HiSiMo with 1wt.% Cr (HSM1Cr) and 3wt.% Al (HSM3Al). Their chemical com-
positions are listed in Table 1. The casting and sampling was done at Missouri Uni-
versity of Science and Technology, and the details have been reported previously 
[16]. The oxidation experiments were conducted at Oak Ridge National Laboratory 
(ORNL) in controlled environments to simulate oxidation under service conditions. 
The 20 × 10x1.5 mm samples were oxidized in automated cyclic oxidation rigs [17] 
with 6 min (0.1 h) per cycle in the resistively heated tube furnace at 800 ± 2 °C and 
10 min cooling between cycles for 10, 100, 240 or 500 cycles or 1, 10, 24, and 50 h. 
The oxidation environments were; (1) dry air, and (2) “wet” air, which is air with 
10 ± 1 vol.%  H2O to simulate a combustion environment [18]. The water was added 
by atomization into the flowing air (850 cc/min). The specimen mass change was 
monitored before and after oxidation using a Mettler Toledo XP205 balance with 
an accuracy of ± 0.04 mg or ~ 0.01 mg/cm2. The oxide thicknesses were measured 
using image analysis of optical microscopy of polished cross-sections with typically 
30 measurements made on three images. The specimens for TEM analysis were pre-
pared using focused ion beam (FIB) on a Thermo Fisher Helios 650 Nanolab SEM/
FIB. The Scanning TEM (STEM) imaging was carried out using a Thermo Fisher 
Talos F200X STEM operated at 200 kV and equipped with an integrated energy dis-
persive X-ray spectrometer (EDS) with four silicon drift detectors.

Results and Discussion

The measured mass change of the three alloys during and after oxidation to char-
acterize the oxidation resistance at 800 °C, as shown in Fig. 1. Figure 1a shows the 
final mass change for specimens stopped after tests for 1–50 h in dry and wet air. 

Table 1  Chemical compositions, in wt.%, of the cast irons studied in this work

Alloy Fe Si Mo C Cr Al Ni Mn Mg Ce Hf La S

HSM 91.3 4.1 0.8 3.2 0.07 0.01 0.2 0.3 0.02 0.01 0.003 0.007 0.006
HSM1Cr 89.5 4.8 0.8 2.9 1.1 0.02 0.3 0.3 0.04 0.03 0.003 0.009 0.003
HSM3Al 88.8 3.1 0.8 2.7 0.08 3.5 0.6 0.1 0.04 0.03 0.002 0.009 0.003
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Figure 1b shows the mass change during exposures for 50 h where the specimen was 
stopped and weighed every 50 cycles (5 h of total exposure). In Fig. 1a, a mass gain 
was observed for all of the baseline HSM specimens. Especially for the HSM3Al 
specimens, mass losses were consistently measured because of C loss as the large 
graphite nodules near the surface were oxidized [10]. The HSM3Al mass losses sug-
gest that C loss dominated over O uptake associated with oxide formation under 
these conditions. In Fig. 1b, the HSM3Al specimen showed a consistent mass gain 
after the initial mass loss after 5 h in wet air. Compared to the HSM mass gains, 
this suggests that the mass gain due to oxide formation was much higher for the 
baseline HSM specimens compared to those alloyed with Al or Cr. For the HSM1Cr 
specimens, the specimens exposed for short times in dry air showed mass losses but 
all HSM1Cr specimens exposed in wet air showed mass gains. Accelerated oxide 
growth with the addition of  H2O is typical [7]. For the HSM baseline specimens, 
the lower mass gain after 50  h in wet air suggests that scale spallation may have 
occurred.

Figure 2 shows oxide thickness measurements for all of the specimens in Fig. 1a. 
For some of the data sets, box and whisker plots are shown to visualize the data sets. 
The whiskers not the maximum and minimum values measured and the boxes are 
defined by the 25 and 75% values with the median values marked in the box. As the 
distributions were not normal, the lines in Fig. 2 link the median values in dry and 
wet air. Consistent with the mass change data, the values were much lower for the 
HSM1Cr and HSM3Al specimens in both environments. Because the HSM1Cr and 
HSM3Al specimens all formed oxides of similar thickness, boxes are only shown for 
the wet air exposures. Compared to the baseline HSM specimens, there was roughly 
an order of magnitude reduction in oxide thickness with the Cr and Al additions. 
The 3wt.% Al alloying reduced the scale thickness by ~ 90% in both environments 
and the 1wt.% Cr alloying reduced it by ~ 86% in both conditions.

Figure 3 shows SEM images of the samples after cyclic oxidation at 800 °C for 
50  h in dry and wet air. Figure  3a and b are the SEM/EDS of HSM in wet and 
dry air, respectively. Consistent with Fig. 2, the oxide layer in wet air was slightly 

Fig. 1  Mass change with time of the three alloys after oxidation at 800 °C in dry and wet air using 6-min 
cycles, a final mass change for four different specimens of each alloy stopped at different times, b mass 
change for the set of specimens exposed for 50 h
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thicker than that in dry air. A typical duplex structure was observed for the Fe-rich 
oxide as has been observed previously [7, 8, 19] with the inner layer growing by 
inward transport and the outer layer by outward Fe diffusion. Because there was no 
Cr or Al added in this alloy, the oxidation resistance of HSM was mainly affected 
by the Si addition and Si enrichment was detected in the inner oxide layer in both 
specimens.

Compared to the base HSM, HSM1Cr, and HSM3Al showed improved oxida-
tion resistance, which is more evident in Fig. 3d and e, than in Fig. 3c and f. The 
thick duplex oxide developed from nucleated islands and then expanded across the 
surface. The SEM images only show a small region of the surface whereas the oxide 
thickness measurements in Fig. 2 cover a larger area and are more representative of 
the overall oxidation behavior. For the HSM1Cr specimens in Fig. 3c and d, the Cr 
addition resulted in a Cr-rich oxide layer that slowed the diffusion of oxygen, result-
ing in oxide layers that were much thinner compared to those formed on the HSM 
specimens. For the HSM3Al specimens in Fig. 3e and f, an Al-rich oxide layer is 
evident in the EDS maps, which appeared to significantly improve oxidation resist-
ance. In some regions, the oxide was much thinner, such as Fig. 3d and e.

Because of the thin Cr- and Al-rich oxide layers in Fig. 3, TEM of the HSM1Cr 
and HSM3Al specimens were conducted to further investigate the microstructure 
of the reaction products. Figure 4 shows the STEM/EDS mapping of the HSM1Cr 
specimen exposed in wet air at 800 °C for 50 h. The Cr-rich oxides were layered 
among the Fe- and Mn-rich oxides.

The Cr-rich oxide layer adjacent to the substrate was above the last Si-rich oxide 
layer, which is consistent with the Ellingham diagram [20]. These layered oxides 
suggest that the Cr-rich oxide layers formed but then were not stable because of the 
low Cr content. Similar structures have been observed before for low alloy steels 
[21–23]. The oxidation in dry air was similar. Figure 5 shows a region where only 
one Cr-rich inner layer formed with an Si-rich layer beneath. The thicker outer oxide 

Fig. 2  Oxide thickness change of the three different alloys with time in dry and wet air conditions. The 
lines connect the median values. The boxes are defined by the 25 and 75% values and the whiskers are 
the minimum and maximum values measured. The shaded boxes and dashed lines are for wet air experi-
ments and the open boxes and solid lines designate dry air conditions. The colors are  adopted from 
Fig. 1, The black-and-white is HSM, blue HSM3Al, green HSM1Cr
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layer was rich in Fe and Mn. Mn is a fast diffusing, oxygen-active element that often 
becomes enriched in thermally grown scales [18, 24, 25]. Figure 6a is a HRTEM 
image of the interface region between the substrate and scale. The substrate was 
shown and marked on the right-hand side of the image. Adjacent to the substrate is 
the Si-rich oxide layer, which is amorphous according to the fast Fourier transforma-
tion (FFT) shown in Fig. 6c. If continuous, this amorphous layer can help inhibit 
the diffusion of oxygen and perhaps is more effective because there are no grain 
boundaries like those observed in the adjacent crystalline oxide layers. The crystal 
structure of the Cr- and Mn-rich oxide layers were identified in Fig. 6b and d, with 
the Cr-rich oxide layer right above the Si-rich oxide layer and the Mn-rich oxide 
above the Cr-rich oxide.

As for the HSM3Al specimens, the oxidation mechanism was similar to that of 
HSM1Cr, but  Al2O3 is more thermodynamically stable than  SiO2 [5] so a Si-rich 

Fig. 3  SEM images of the alloys after oxidation at 800 °C for 50 h. a HSM in wet air, b HSM in dry air, 
c HSM1Cr in wet air, d HSM1Cr in dry air, e HSM3Al in wet air, f HSM3Al in dry air. The scale in all 
images is the same, as shown by the 10 µm bar in (a)
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sub-layer was not observed. Figures  7 and 8 display the STEM/EDS mapping of 
HSM3Al specimens exposed in wet and dry air, respectively. The addition of Al 
introduced an Al-rich oxide layer besides Fe- and Si-rich oxide layers. The forma-
tion of the Al-rich layer improved the oxidation resistance. Since Figs. 7 and 8 only 
show a small region of the samples, they were not representative of the average 
thickness of the oxide layer formed on these specimens. The SEM/EDS mapping in 
Fig. 3e and f, which imaged a substantially larger area, showed a more representa-
tive region with the oxide thickness varying due to the fact that the oxidation started 
from multiple islands and then spread out more fully on the substrate surface.

Fig. 4  STEM/EDS mapping of HSM1Cr alloy oxidized in wet air at 800 °C for 50 h. The scale bar is 
600 nm

Fig. 5  STEM/EDS mapping of HSM1Cr alloy oxidized in dry air at 800 °C for 50 h. The large bright 
area in (a) was the Pt layer deposited during TEM specimen preparation by Focused Ion Beam. The scale 
bar is 600 nm
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With the introduction of Al, an extra oxide layer of aluminum/chrome oxide with 
traces of iron and Si formed. Next to this layer was a layer of silicide formed because 
of the depletion by aluminum. This provided a secondary oxidation protection [26, 
27]. For the alloys with Cr introduction, the oxidation at high temperature led to 
either chrome oxides formation accompanied by the subsurface carbide dissolution 

Fig. 6  The HRTEM image of the layered structure of the oxides right above the HSM1Cr substrate after 
oxidation in dry air

Fig. 7  STEM/EDS mapping of HSM3Al alloy oxidized in wet air at 800 °C for 50 h



448 Oxidation of Metals (2022) 97:441–449

1 3

or rapid growth of Fe-rich oxides [28]. That was probably why the chrome oxides 
were layered, as shown in Fig. 4. The synergetic effects of Al/Cr and Si were the 
primary reason for the improvement of the oxidation resistance.

Conclusion

Two new HiSiMo cast iron alloys have been developed for exhaust manifold applica-
tions by adding either 3wt.% Al or 1wt.% Cr. Alloy coupons were tested using cyclic 
oxidation (6  min cycles) in dry and wet air atmospheres at 800  °C. The reaction 
product microstructures were characterized after exposure to investigate the mecha-
nism for the observed improvement in the oxidation resistance with the Cr and Al 
additions. The results showed that the introduction of Al or Cr created Al- or Cr-rich 
oxide layers, which substantially reduced the diffusion of oxygen, hence reducing 
the oxide thickness after these exposures.
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