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Abstract The oxidation behavior of candidate cast irons and cast stainless steels
for diesel exhaust systems was studied for 5,000 h at 650-800 °C in air with 10 %
H,0. At 650 °C, Ni-resist D5S exhibited moderately better oxidation resistance than
did the SiMo cast iron. However, the D5S suffered from oxide scale spallation at
700 °C, whereas the oxide scales formed on SiMo cast iron remained relatively
adherent from 700 to 800 °C. The oxidation of the cast chromia-forming austenitics
trended with the level of Cr and Ni additions, with small mass losses consistent with
Cr oxy-hydroxide volatilization for the higher 25Cr/20-35Ni HK and HP type
alloys, and transition to rapid Fe-base oxide formation and scale spallation in the
lower 19Cr/12Ni CF8C plus alloy. In contrast, small positive mass changes con-
sistent with protective alumina scale formation were observed for the cast AFA
alloy under all conditions studied. Implications of these findings for exhaust system
components are discussed.

Keywords Water vapor - Exhaust - Cast iron - Austenitic - Oxidation

Introduction

Silicon—-molybdenum (SiMo) cast irons are widely used for exhaust components,
such as manifolds and turbocharger housings, in automotive and heavy duty truck
diesel engine applications [1-6]. Increased operating temperatures and improved
thermal management are expected to enable significant increases in power density,
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offering the potential for greater power output for the same sized engine or engine
downsizing (light weighting) for the same power output to achieve higher
efficiencies and better mileage. However, the increased operating temperatures
needed are expected to push SiMo cast iron properties such as strength, fatigue, and
oxidation beyond their acceptable limits. This has resulted in increased interest in
advanced cast irons, as well as cast ferritic and austenitic alloys with better
oxidation resistance for next generation, higher temperature exhaust components.

A number of studies of the high temperature oxidation behavior of SiMo cast
irons, in some cases in comparison to advanced cast irons, cast ferritics, and/or cast
austenitics, under conditions relevant to exhaust systems have recently been
reported [3—12]. However, these studies have focused on mechanistic aspects and
characterization after relatively short term oxidation exposures (generally <500 h).
The goal of the present work was to complement the existing literature by
investigating the long-term oxidation resistance (5,000 h total) of a series of
candidate next generation exhaust component alloys relative to SiMo cast iron in the
temperature range of 650-800 °C. The exposures were conducted in an aggressive
laboratory test condition of air with 10 vol% water vapor, as exhaust gases contain
water vapor (typically 2-12 % for diesel exhaust [13], and water vapor is frequently
linked with significant degradation in oxidation resistance, particularly for Cr-
containing alloys [14, 15].

Experimental Procedures

Eight alloys of interest for exhaust components were selected for study: a 4.1Si—
0.7Mo-3.1C weight percent (wt%) nodular ferritic SiMo cast iron, a 35Ni—4.7Si—
2Cr-1.4C nodular austenitic D5S cast iron (comparable coefficient thermal
expansion, CTE, to SiMo), a 19Cr—12Ni austenitic CF8C plus (CF8CP) alloy
[16—18], austenitic 25Cr/20Ni type cast HK and TMA 4705 [19-22] stainless steels,
austenitic 25Cr/35Ni type cast HP and TMA 6301 stainless steels [19-22], and a
developmental 14Cr—25Ni—3.5Al cast alumina-forming austenitic (CAFA) stainless
steel alloy designated CAFA 4 [23, 24]. Analyzed compositions are presented in
Table 1 (all compositions presented in wt%). The SiMo, D5S, HK, TMA 4705, HP,
TMA 6301, and CF8CP were electro discharge machine (EDM) cut from
commercial castings, and the CAFA 4 EDM cut from a 0.5 kg range laboratory
vacuum arc-casting.

Oxidation test samples ~20 mm x 10 mm x (1-1.5) mm were polished to a
600 grit USA finish using SiC polishing papers. Oxidation exposures were
conducted in 100 h cycles at 650, 700, 750, and 800 °C with mass changes
measured after every cycle (air cooling). Oxidation in air with 10 vol% water vapor
was conducted by flowing air through an alumina tube inside a resistively heated
tube furnace [25]. Distilled water was added by atomization into the flowing gas
stream above its condensation temperature. The tests at 650, 700, and 800 °C were
conducted using flow rates of ~ 850 cc/min (air) and ~4.5-5.0 cc/h (water), with a
furnace tube diameter of ~5.5 cm. The 750 °C test was conducted in a ~8.7 cm
diameter furnace tube, with ~2,000 cc/min (air) and ~ 10 cc/h (water). Test
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samples were positioned in alumina boats in the furnace hot zone so as to expose the
specimen faces parallel to the flowing gas. It should be noted that the 800 °C air
with 10 % H,O oxidation mass change data for CAFA 4, HP, and HK were
previously reported in Ref. [24], and are included in the present work for
comparison purposes. For most alloys and temperature conditions duplicate samples
were run, typically one for 1,000 h and the second for 5,000 h. Unless otherwise
specified, the mass change data shown is for the 5,000 h samples and the 1,000 h
mass change data was of similar values to the first 1,000 h of the 5,000 h data.

For the SiMo cast iron and D5S material, additional oxidation data was obtained
in 500 h cycles at 650 and 700 °C open to laboratory air (~50 % daily humidity, no
added water vapor, referred to as “dry air” for convenience). These dry air samples
were exposed in individual crucibles with lids, so it was possible to track both
sample mass change and total sample mass change and spall. Selected oxidized
samples were cross-sectioned and analyzed by optical microscopy, scanning
electron microscopy (SEM) with energy dispersive X-ray analysis (EDS), and
quantitative electron probe microanalysis (EPMA) using pure element standards for
the metallic components.

Results
Oxidation Kinetics

Oxidation data in the temperature range of 650-800 °C in air with 10 % H,O are
shown in Figs. 1, 2, 3 and 4. The SiMo and DS5S cast irons exhibited several orders
of magnitude faster oxidation than the chromia- and alumina-forming austenitics
under all conditions studied. Such behavior is expected, and consistent with their
very low Cr contents and dependence on modest levels of Si for oxidation resistance
(Table 1). At 650 °C in air with 10 % H,O, the D5S exhibited moderately lower
oxidation kinetics than the SiMo cast iron (Fig. 1), with mass change of ~50 mg/
cm? for SiMo and ~ 30 mg/cm2 for D5S after 5,000 h and little to no oxide scale
spallation evident. However, at 700 and 750 °C in air with 10 % H,O, the D5S
suffered from oxide scale spallation and mass loss in the first few hundred hours of
exposure, whereas the oxide scale formed on the SiMo cast iron remained adherent
despite specific mass gains (mass change normalized by initial, unoxidized sample
surface area; referred to only as “mass change” in remainder of text for simplicity)
of nearly 100 mg/cm” at 700 °C. Because of this susceptibility to oxide scale
spallation, the D5S was not evaluated at 800 °C.

The SiMo cast iron exhibited an unusual pattern of oxidation mass change
behavior with increasing temperature. The extent of oxidation increased from 650
to 700 °C, with mass change of ~50 mg/cm2 after 5,000 h at 650 °C and
~90 mg/cm2 at 700 °C (Figs. 1, 2). However, the extent of oxidation for SiMo at
750 °C in air with 10 % H,0 (Fig. 3) was lower than at 700 °C, with mass change
of only ~50 mg/cm? after 5,000 h. At 800 °C in air with 10 % H,O (Fig. 4), the
oxidation of SiMo was significantly lower up to 3,000 h of exposure (~20 mg/cm?
at 3,000 h), at which point the oxidation increased, with mass change of
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Fig. 1 Oxidation data (100 h cycles) at 650 °C in air with 10 % H,O. Same data, two different specific
mass change scales

~ 100 mg/cm? at 5,000 h. No significant mass loss or scale spallation was observed
for the SiMo under all conditions studied.

The pattern of oxidation behavior for the chromia-forming austenitics trended
with the level of Cr and Ni additions in these alloys. At 800 °C in air with 10 %
H,O (Fig. 4), the lowest Cr and Ni alloy, CF8CP with ~19Cr and ~ 12Ni
(Table 1), exhibited extensive mass loss and scale spallation (~—60 mg/cm? at
2,000 h of exposure) consistent with rapid, nonadherent Fe-oxide base scale
formation. In contrast, good oxidation resistance with only modest mass loss
behavior (0 to —1 mg/cm?® range) consistent with chromia volatilization was
observed for the first 2,500 h of exposure for the ~20Ni—25Cr class HK and TMA
4705 alloys, and the ~35Ni-25Cr HP and TMA 6301 alloys. The HK alloy
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120 ~ 700°C, Air + 10% H,0
100
—+—SiMo Cast Fe
80 ——HK
- ——TMA 4705
-e-TMA 6301
40 ——HP
20 —CF8CP
ag CAFA 4
L 07 D5S
[o2]
E
o 20 .
o 0 1000, 2000 3000 4000 5000
g Time (h)
o
a
@© 2.0 §
=
)
S 15
g
@ ——HK
——TMA 4705
-o-TMA 6301
HP
—CF8CP
CAFA 4

0 1000 2000 3000 4000 5000

Fig. 2 Oxidation data (100 h cycles) at 700 °C in air with 10 % H,0O. Same data, two different specific
mass change scales

exhibited a transition to Fe-oxide scale formation and spallation from ~2,500 to
5,000 h of exposure, whereas the TMA 4705, HP, and TMA 6301 continued to
exhibit only modest mass loss behavior (all less than —3 mg/cm? after 5,000 h at
800 °C).

Modest mass loss consistent with chromia volatilization [26, 27] was generally
observed for HK, TMA 4705, HP, and TMA 6301 from 650 to 750 °C (Figs. 1, 2, 3),
(1,000 h at 650 °C, and 5,000 h at 700 and 750 °C). At 700 and 750 °C, the lower
Cr/Ni CF8CP continued to show relatively lesser oxidation resistance consistent
with a transition to Fe-oxide formation and spallation (CF8CP was not evaluated at
650 °C in air with 10 % H,0O). In contrast, the developmental alumina-forming
alloy CAFA 4 generally showed excellent oxidation resistance and small positive
mass gains (less than 1 mg/cm?) from 700 to 800 °C for the 5,000 h test period.
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Fig. 3 Oxidation data (100 h cycles) at 750 °C in air with 10 % H,O. Same data, two different specific
mass change scales

(It should be noted that at 750 °C, the mass change data for CAFA 4 showed some
irregular, small mass increases, with visual inspection of the CAFA 4 test coupon
suggesting some local regions of more extensive oxidation that appeared to stabilize
with longer oxidation times).

The potential for detrimental effects of water vapor on the oxidation resistance of
chromia-formers is well established [14, 15]. As comparatively fewer oxidation
studies of SiMo and D5S cast irons have been conducted in air versus air with water
vapor, a simple dry air screening was conducted in the present work for qualitative
comparative purposes of the relative extent of oxidation using two, 500 h cycles
(Fig. 5). The mass changes at 650 and 700 °C for the SiMo were roughly
comparable in both wet and dry conditions, with the dry air data falling within the
relatively broad ~20 to 40 mg/cm® mass gain range observed with duplicate
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Fig. 4 Oxidation data (100 h cycles) at 800 °C in air with 10 % H,O. Same data, two different specific
mass change scales. The mass change data for CAFA 4, HP, and HK are from Ref. 24

samples after 1,000 h in air with 10 % water vapor (Fig. 5a). As with the wet air
data, no significant spallation was observed for the SiMo in dry air.

For the D5S (Fig. 5b), very similar mass change data were observed at 650 °C
under dry and wet conditions, with little spallation at this temperature. At 700 °C,
significant spallation was observed for dry air exposed DS5S, captured in the
exposure crucible by the total sample + spall measurement mass change numbers
shown in Fig. 5b. As previously presented, significant spallation was also observed
for the 700 °C wet air D5S sample. (Similar total sample + spall mass change data
was not obtained in wet air exposure, as crucibles with lids used in dry air exposure
may limit access of the water vapor to the sample in wet air conditions). Overall,
significant differences in the extent of oxidation at 650 and 700 °C in wet and dry
air for the SiMo and D5S cast irons were not observed.
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Fig. 5 Comparison of dry air oxidation data (500 h cycles) with wet air (air + 10 % H,0) oxidation
data for SiMo (a) and D5S (b) at 650 °C and 700 °C. The D5S 700 °C wet data in (b) is from a duplicate
sample and is not the data from Fig. 2a

Oxidized Cross-Section Characterization
SiMo and D5S Cast Irons

The oxidized microstructure of D5S cast iron after 1,000 h of exposure at 650 and
700 °C in air with 10 % H,0 is shown in Fig. 6. At 650 °C, the total scale thickness
was on the order of ~200-250 pum, approximately half of which was an external
Fe-oxide scale (containing only trace Ni) and half a complex Fe-Ni—Si rich oxide
subscale also containing some Cr and Mo (based on SEM/EDS analysis).
(Characterization to distinguish if oxide subscale regions contained entrapped
metal phases was not pursued). The external Fe-rich oxide scale contained many
voids and continuous crack areas just above (~20 pm) and parallel to the scale-
subscale interface (Fig. 6¢). A similar external Fe-rich oxide scale + Fe—Ni—Si rich
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«Fig. 6 Backscatter SEM cross-section images of D5S cast iron after 1,000 h and 5,000 h in air with
10 % H,0. a—c 650 °C/1,000 h; d 650 °C/5,000 h; e, £ 700 °C/1,000 h; g 700 °C/5,000 h

oxide subscale was also observed after 1,000 h at 700 °C (Fig. 6e, f). However, the
external Fe-rich oxide scale after 1,000 h was much thinner and irregular at 700 °C
as a result of spallation (Fig. 2). It is likely that the oxide scale voids and cracking
observed at 650 °C were more extensive at 700 °C, resulting in the spallation of
much of the external Fe-oxide.

Despite the tendency for spallation by D5S at 700 °C, the 5,000 h external Fe-
oxide scale and internal subscale cross-sections at 650 °C (Fig. 6d) and 700 °C
(Fig. 6g) were similar, suggesting that the spallation at 700 °C primarily occurred
during the first ~ 1,000 h of exposure, consistent with the mass change curves
(Fig. 2) showing relative positive mass gains beyond 500-1,000 h. Graphite nodules
from the underlying alloy microstructure were observed incorporated in the Fe—Ni—
Si rich oxide subscale regions at both 650 and 700 °C, but not to any great extent in
the external Fe-oxide regions. These observations are consistent with well-
established understanding that the external Fe-oxide scale is outward growing and
the internal subscale inward growing [e.g. 7-12].

Figure 7 shows the oxidized microstructure of SiMo cast iron after 1,000 h of
exposure at 700 and 800 °C in air with 10 % H,0. At 700 °C (Fig. 7a, b), the scale
was duplex, consisting of an outer Fe-oxide layer on the order of 200 um thick and
an inner Fe—Si rich oxide layer also on the order of 200 pum thick. At the oxide-alloy
interface, a 2—10 pm thick subscale region of internal Si rich oxidation products was
observed (Fig. 7b). Graphite nodules from the underlying alloy microstructure were
observed in the inner oxide layer. Voiding and some cracking were observed in the
outer Fe-oxide region layer, with some of the voids appearing to blunt the
connectivity of cracks. Overall, the microstructure pattern of graphite nodules in the
oxidized regions indicates the inner Fe—Si oxide layer was inward growing and the
outer Fe-oxide outward growing, similar to that observed or D5S and consistent
with the literature [e.g. 7, 11, 12].

In contrast, after 1,000 h of exposure at 800 °C in air with 10 % H,0, the SiMo
cast iron formed an irregular but far thinner oxide scale (Fig. 7c, d), consistent with
the mass change measurements which showed initially slower oxidation for the
SiMo at 800 °C than 700 °C (Figs. 2, 4). The scale at 800 °C was again primarily
duplex as was observed at 700 °C, but with an irregular outer Fe-oxide layer region
and an inner Fe-Si rich oxide layer region of varying total scale thickness of
25-200 pm (regions of thinner scale and regions with thick Fe-oxide nodules). The
key difference was the formation of a continuous Si-rich oxide layer, consistent with
SiO, (identification based solely on EDS data), at the oxide-alloy interface at
800 °C, as opposed to internal oxidation of Si at 700 °C. The slower oxidation of
SiMo at 800 versus 700 °C is attributed to this inner continuous SiO,-base layer.
Such behavior of a transition to SiO,-rich oxide formation at the oxide-alloy
interface with increasing temperature of oxidation was also reported by references
[7, 11, 12].
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Fig. 7 Backscatter SEM cross-section images of SiMo cast iron after 1,000 h in air with 10 % H,O.
a, b 700 °C; ¢, d 800 °C
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Fig. 8 Backscatter SEM cross-section images of SiMo cast iron after 5,000 h in air with 10 % H,O.
a SiMo 700 °C; b SiMo 800 °C
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Figure 8 shows SEM cross-sections of SiMo cast iron after 5,000 h of exposure
at 700 and 800 °C in air with 10 % H,O. Continued oxidation at 800 °C beyond the
1,000 h cross-section shown in Fig. 7c, d resulted in breakdown of the continuous
inner SiO, layer, which after 5,000 h can be observed as remnants within the middle
of oxide scale, below which mixed Fe—Si rich oxide continued to form. This loss of
protectiveness of the inner SiO; layer is consistent with the increased oxidation and
mass uptake observed at around ~3,000 h of exposure at 800 °C (Fig. 4). The
resultant oxide scale thickness and structure at 5,000 h is similar to that observed at
700 °C.

Cast Chromia- and Alumina-Forming Austenitics

In contrast to the thick oxide films formed on the SiMo and DS5S cast irons, the
chromia- and alumina-forming cast austenitics formed much thinner oxide scales.
Figure 9a shows the oxidized cross-section of the 20Ni—25Cr class TMA 4705 alloy
after 5,000 h at 800 °C in air with 10 % H,O at the same magnification as shown in
Fig. 8b for the similarly oxidized SiMo cast iron. Higher magnification cross-
section images of TMA 4705 and HK, as well as the 35Ni-25Cr class TMA 6301
and HP, and alumina-forming CAFA 4 are shown in Fig. 9b—j. Oxide scale
thickness after 5,000 h at 800 °C was on the order of ~25 pum for TMA 4705, HK,
and HP (some areas of inhomogeneous oxide thickness suggest a degree of
spallation likely occurred as well) and ~ 10 pm for the TMA 6301, and consisted
primarily of mixed Cr,O5; and Fe—Cr rich oxides (based on SEM/EDS analysis). In
addition to the external oxide scale formation, preferential internal attack along
second phases at austenite matrix grain boundaries was observed in all the cast
chromia-forming austenitics, extending an additional ~50 pum into the underlying
alloy (qualitatively a little less internal attack for HK than the other alloys). These
internal oxide attack regions in the cast, chromia-forming austenitics tended to be
rich in Cr, Si, and/or Nb, based on qualitative screening by EDS. In contrast, the
alumina-forming CAFA 4 alloy (Fig. 9i, j) generally showed oxide scale thickness
in the micron range after 5,000 h at 800 °C, with occasional 5-10 pum Nb-rich
surface nodules undercut by continuous alumina, typical of this class of alloys [28].
Only occasional local regions of minor internal attack (few microns) were observed
in the CAFA 4 alloy.

EPMA Analysis of Select Cast Chromia Forming Austenitics

Because accelerated Cr depletion due to Cr oxy-hydroxide volatility of chromia-
forming alloys in the presence of water vapor is a concern [e.g. 29], EPMA line scan
analyses (1-2 pm steps) were conducted for the 19Cr-12Ni CF8CP, 25Cr-20Ni
TMA 4705, and 25Cr—35Ni TMA 6301 alloys after 5,000 h at 700 and 800 °C in air
with 10 % H,O (Figs. 10, 11, 12). (Due to poor oxidation resistance and extensive
scale spallation at 800 °C by the CF8CP, this alloy was examined after 2,000 h of
exposure at 800 °C). The line scans were conducted for ~ 100 pm depth, beginning
~10 to 20 pm in the inner oxide scale moving through the oxide-alloy interface
into the underlying alloy. The data tracked the levels of Cr, Fe, Mn, Mo, Ni, Nb, and
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«Fig. 9 Backscatter SEM cross-section images of austenitic stainless steels after 5,000 h at 800 °C in air
with 10 % H,0. a, b TMA 4705; ¢, d HK; e, f TMA 6301; g, h HP; i, j CAFA 4
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Fig. 10 EPMA line scan analysis for CFS8CPN after 2,000 h at 800 °C in air with 10 % H,O (a, b) and
5,000 h at 700 °C (¢, d). Line scan data (a, ¢); SEM backscatter cross-section images of line scan
locations (b, d); overlap plot of 700 and 800 °C Cr data (e)

Si. An estimate of the oxide-alloy interface is marked on the profile line scan data
(Figs. 10, 11, 12a, c), based on the Fe profile and the total summation profile of all
elements tracked (total summation not plotted in Figs. 10, 11, and 12).
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Fig. 11 EPMA line scan analysis for TMA 4705 after 5,000 h at 800 °C (a, b) and 700 °C in air with
10 % H,0 (¢, d). Line scan data (a, ¢); SEM backscatter cross-section images of line scan locations
(b, d); overlap plot of 800 and 700 °C Cr data (e)

At 800 °C, CF8CP formed extensive Fe—Ni—Cr-Mn rich oxide scale regions
(Fig. 10a, c) extending tens to hundreds of microns into the underlying alloy
(Fig. 10b) (Characterization to distinguish if oxide subscale regions contained
entrapped metal phases was not pursued). A similar oxide structure was observed at
700 °C (Fig. 10d), although the total retained oxide scale thickness was generally
less than 100 pm thick (note that scale spallation was observed at both
temperatures, so scale cross-sections don’t represent the full extent of oxidation).
Such irregular, likely nodular-initiated attack is typical of the detrimental effects of
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Fig. 12 EPMA line scan analysis for TMA 6301 after 5,000 h at 800 °C (a, b) and 700 °C in air with
10 % H,0 (¢, d). Line scan data (a, ¢); SEM backscatter cross-section images of line scan locations
(b, d); overlap plot of 800 and 700 °C Cr data (e)

water vapor on the oxidation resistance of chromia-forming alloys, resulting in a
shift to more rapid Fe/Ni base metal oxidation. It has been attributed to depletion of
Cr accelerated by Cr oxy-hydroxide volatility and/or enhanced internal oxidation by
introduction of hydrogen from the water vapor into the alloy [15, 29-32]. The Cr
line scans (Fig. 10e) showed little to no Cr depletion in the CF8CP 700 °C/5,000 h
and 800 °C/2,000 h cross-sections. However, this may be a consequence of the
extensive Fe-Ni—Cr rich oxide nodule formation consuming areas of Cr depletion,
rather than strong evidence that Cr depletion did not occur [32]. The thickness of the
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oxidation test coupons (1-1.5 mm thick) also provides a Cr reservoir for resupply of
Cr. For example, Cr depletion in thin chromia-forming alloy foils (~0.1 mm thick)
is exacerbated by lack of an alloy Cr reservoir for resupply [29].

Mixed Fe—Ni—Cr rich oxide scale regions were also observed for TMA 4705 at
5,000 h at 700 and 800 °C in air with 10 % H,O (Fig. 11), although the extent of
attack was significantly less than that for CF8CP (Figs. 2, 4, 10, 11). The Cr line
scan profiles (Fig. 11e) suggested only modest Cr loss at 800 °C, and essentially
none at 700 °C. In contrast, the 35Ni—25Cr TMA 6301 800 °C/5,000 h cross-
section showed the greatest extent of Cr loss of the cross-sections analyzed
(Fig. 12). The Cr level at the oxide-alloy interface at 800 °C in TMA 6301
decreased to 14—15 wt%, as opposed to 25 wt% in the bulk alloy. The Cr profile at
700 °C/5,000 h was essentially flat at around 25 wt% Cr. Based on the oxide scale
thickness, lack of extensive oxide nodule formation, and mass change data, the
TMA 6301 was the most oxidation resistant of the chromia-forming austenitics. The
greater Cr depletion at 800 °C detected locally in TMA 6301 may be the result of its
greater oxidation resistance; primarily thin chromia-base scale formation with little
Fe—Ni—Cr oxide nodule formation that would consume the Cr depleted underlying
alloy.

Discussion

The SiMo cast iron exhibited rapid oxidation and oxide scales hundreds of microns
thick for the 1,000-5,000 h, 650-800 °C conditions studied in the present work.
However, despite their great thickness and porosity, the oxide scales remained
relatively adherent under the 100 h cycles studied and exhibited a degree of
parabolic oxidation kinetics character (Figs. 1, 2, 3, 4). Given an estimated exhaust
system hot lifetime of ~ 15,000 h (assumes 1 million mile engine lifetime with
average peak cruise speed of 65 miles per hour), it is conceivable that SiMo cast
irons may not be completely oxidation limited at the lower end of the 650-800 °C
temperature range studied depending on the specifics of the design constraints,
component thickness, and ability to tolerate metal section loss of hundreds of
microns. Rather, hot strength and constrained thermal fatigue issues may play a
more dominant role in determining the upper temperature use limit of the SiMo. An
exception to this supposition is if oxide scale spallation becomes an issue during
operation, as spalled oxide particles may result in downstream component damage.
Such spallation is anticipated to be more prevalent for the shorter thermal cycles
encountered in engine operation (<12 h) versus the relatively gentle 100 h cycles
used in the present work to obtain long-term oxidation data.

The DS5S type cast irons potentially offer marginally higher temperature
capability from a hot strength and constrained thermal fatigue standpoint [33].
However, in the present work they showed increased susceptibility to oxide scale
spallation at 700 and 750 °C, and thus may not offer significantly higher use
temperatures than SiMo cast irons. Further, cross-sections of D5S and SiMo after
5,000 h at 700 °C in air with 10 % H,O (Figs. 6g, 8a) showed a similar extent of
attack. The high levels (~35 wt%) of Ni in D5S (Table 1) also result in
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significantly higher cost than SiMo cast irons. The average coefficient of thermal
expansion (CTE) for the D5S is essentially the same as for the SiMo cast iron,
~12 x 107%°C™! [34, 35]. Spallation of such thick, complex oxide scale
structures is a complex phenomenon, with interplay among CTE and thermome-
chanical behaviors and creep of both the oxide phases and underlying alloy substrate
[e.g. 36]. For example, one speculated contributing factor for the spallation
differences observed between SiMo and D5S may be that the greater creep strength
of D5S (austenitic vs ferritic SiMo) may result in less strain accommodation of the
thick, multi-layer oxide scales during thermal cycling, causing increased spallation.
Further study is needed to better clarify the differences in spallation resistance
observed for the SiMo and D5S in the present work.

The higher Cr/Ni chromia-forming austenitics exhibited generally good oxidation
resistance over the course of the 5,000 h exposures studied. The presence of
10 vol% water vapor in the test environment resulted in degraded oxidation
resistance by the 19Cr—12Ni CF8CP, with Fe-oxide nodule formation and extensive
oxide scale spallation (this alloy class generally exhibits very good levels of
oxidation resistance in dry air 650-800 °C conditions) [17, 18]. In contrast, the
20Ni-25Cr TMA 4705 and the 35Ni-25Cr HP and TMA 6301 alloys showed only
minor volatility driven mass loss over the course of the 5,000 h exposure, and
EPMA line scan analysis of the underlying alloy indicated that extensive Cr
depletion was not present. This finding suggests that the oxidation resistance of
these higher Cr/Ni alloys in water vapor may be maintained for far longer exposure
periods than the 5,000 h studied. Of greater concern was the tendency toward
internal oxidation along second phases (interdendritic phases typically are present in
cast structures) and alloy grain boundaries in these cast chromia-forming alloys.
Such attack can potentially result in degraded mechanical properties and in
particular facilitate the initiation of fatigue cracks. From an oxidation standpoint,
the CAFA 4 alloy offered the best overall oxidation resistance. The adoption of
CAFA 4, or any of the chromia-forming advanced austenitics, in exhaust
components will likely come down to castability and design considerations and
if/how tradeoffs related to lower thermal conductivity and higher thermal expansion
than cast irons ultimately affect monotonic and cyclic thermal stress generation
during operation.

It is interesting to note that CF8CP was developed and commercialized in 2007
for use in a regeneration system housing exhaust component for the ceramic diesel
particulate filters now required in the United States on all heavy-duty highway truck
diesel engines [16]. This application involves rapid thermal cycling and peak
temperatures reported to be >850 °C, with CF8CP exhibiting good oxidation
resistance in this service application. This is in contrast to the relatively poor
oxidation resistance observed for CF8CP in laboratory exposures at 700—800 °C in
air with 10 % H,O in the present work (Figs. 1, 2, 3, 4).

Possible reasons for this difference include lower levels of water vapor in the
actual engine application than the 10 vol% H,O level used in the present work.
Diesel exhaust can contain ~2-12 % H,O range depending on a number of engine,
fuel, and operation factors [13]. Chromia-formers such as CF8CP exhibit far better
oxidation resistance in dry air than wet air [18], and lower levels of H;O may be
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expected to result in reduced oxidation rates. Other components in the exhaust gas
may also result in a more reducing environment/lower pO, than air with 10 % H,O
used in the laboratory testing, which could also result in reduced oxidation rates
under some circumstances. The actual truck service engine operation cycle may also
result in lower effective metal time/temperature profiles than that suggested by the
exhaust gas temperature, which may be effectively less severe from an oxidation
standpoint than the 100 h cycles run in the laboratory work. The laboratory data
does, however, provide a means to compare the oxidation resistance of the candidate
alloys under well controlled conditions. Better understanding, comparison, and
correlation between laboratory oxidation studies and operating engine environments
are an area of significant future need.

From an oxidation mechanism standpoint, the oxide scale features of the SiMo
and D5S cast irons were consistent with previous reports from short term (<500 h
studies) in air and simulated exhaust gas environments [7—12]. Of particular interest
for SiMo cast iron, Tholence and Norell [11] also observed continuous SiO,
formation at the oxide—alloy interface for higher temperatures (850 °C), and
discussed relative to theoretical and experimental work in the Fe-Si system for
threshold of Si needed for external scale formation [37—40] whether at lower
temperature of 650 °C a continuous inner SiO, layer will eventually develop. In the
present work, continuous inner SiO, was not observed even after 5,000 h at 650 and
700 °C (Fig. 8a). Further at 800 °C, it was observed to form but not be maintained
beyond ~ 3,000 h of exposure (Figs. 4, 7, 8). Therefore, a SiMo cast iron with low
oxidation rates from SiO, formation for the desired 15,000 h hot lifetimes does not
appear possible in the present composition ranges used (Table 1). The limited dry
air screening data in the present work for the SiMo and D5S cast irons also suggests
that 10 % H,O did not result in significantly accelerated oxidation rates at 650 and
700 °C for these materials compared to air alone (Fig. 5).

Conclusions

The oxidation behavior of candidate cast alloys for diesel engine exhaust
components was studied for up to 5,000 h at 650, 700, 750, and 800 °C in air
with 10 % H,O.

(1) The alloys in order of oxidation resistance from best to worse were: alumina-
forming CAFA 4 > chromia-forming 35Ni-25Cr type TMA 6301 and
HP > 25Ni-25Cr type TMA 4705 > 25Ni-25Cr type HK > 19Cr—12Ni
CF8CP > SiMo and D5S.

(2) Oxide scale spallation issues were observed for D5S from 700 to 750 °C.
SiMo exhibited moderately faster oxidation than D5S, but the scales remained
relatively adherent despite reaching hundreds of microns in thickness under
some conditions. These results suggest that D5S may not be a good
alternative to SiMo to achieve higher operating temperatures in exhaust
applications for designs where spalled oxide particles may damage down-
stream components.

@ Springer



Oxid Met (2014) 82:359-381 379

(3) Accelerated oxidation in water vapor was observed for the 19Cr—12Ni CF8CP

from 700 to 800 °C, with Fe-oxide formation and extensive scale spallation
observed.

(4) Accelerated oxidation and/or water vapor volatility driven Cr loss was not a

major issue for the 25Ni—25Cr chromia-forming austenitics up to 750 °C, and
the 35Ni—25Cr chromia-forming austenitics up to 800 °C (highest temper-
ature studied). These alloys exhibited good oxidation behavior out to the
5,000 h test duration studied, with EPMA line scans of Cr levels near the
oxide—alloy interface suggesting that the good oxidation resistance may be
maintained for longer periods. A concern for this class of alloys was internal
attack of second phases at alloy austenitic matrix grain boundaries, which
may lead to degradation in strength and/or thermal fatigue characteristics.

(5) The developmental family of cast alumina-forming austenitic steels offer

potential for improved oxidation resistance in exhaust environments. Their
adoption (as well as the potential adoption of chromia-forming austenitics)
will depend on their weldability, castability and exhaust system design
suitability, particularly with regards to thermal conductivity and expansion
properties that determine the thermal fatigue resistance in service.
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