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A B S T R A C T   

Ni and Fe are excellent catalysts for carbon formation, and industrial alloys are therefore susceptible to metal 
dusting corrosion; a costly issue in e.g. synthesis gas manufacture. The objective of this work is to better un-
derstand the initial reaction phenomena leading to metal dusting, and thereby minimize the corrosion through 
optimum alloy selection and pretreatment. Pre-oxidized alloy 601 samples were subjected to carburizing gaseous 
environments at 750 ◦C, and carbon formation and surface oxide layer development were investigated by SEM, 
optical microscopy, AES and Raman spectroscopy. Thin (S)TEM/EDS cross-section lamellae were prepared by 
Focussed Ion Beam milling. 

Beyond the initial incubation period, less carbon is formed under 10% CO/Ar than under synthesis gas with 
finite low carbon activity. Cr2O3 evolves as a thin surface oxide layer with only CO reacting and more ordered 
carbon develops with increasing exposure time. In contrast, oxidation yields (Ni, Fe, Cr)3O4 spinel formation 
while the materializing carbon remains its disorder during prolonged exposure to synthesis gas. The metal 
dusting corrosion rate is hence lowered due to Cr2O3 stabilization, while the spinel represents an unstable redox 
state that continuously yields new carbon. A fine-grained alloy surface structure is also found beneficial to the 
Cr2O3 formation.   

1. Introduction 

Fe, Ni and Co are known as catalysts for producing carbon nanotubes 
and carbon nanofibers due to their ability to activate gaseous carbon- 
containing molecules to form carbon-carbon bonds. In the petrochem-
ical industries, metals and alloys are typically exposed to carbon- 
saturated gaseous environments with low partial pressures of oxygen 
and/or steam in a critical temperature range of 400–900 ◦C [1–4]. Fe 
and Ni are also main constituent elements of common industrial alloys 
with desirable high temperature stability. Equipment based on these 
alloys is therefore susceptible to so-called metal dusting corrosion; a 
detrimental degradation phenomenon that proceeds by a gradual 
breakdown of the material into a powdery mixture of graphite, carbide 
and metal particles. Metal dusting carries significant cost, since 
considerable measures need to be implemented in order to avoid cata-
strophic events in the industrial operation. 

One of the measures that are being applied to prevent metal dusting 
(as well as other) corrosion is the incorporation of chromium (Cr) in the 
alloy to facilitate the formation of a Cr oxide at the surface. Cr2O3 is 
known as impermeable to carbon and remains stable in carbonaceous 
and reducing atmospheres down to very low oxygen partial pressure [5]. 
Surface layers of Cr2O3 are excellent in preventing alloys from metal 
dusting corrosion [6,7] provided a dense and defect free oxide layer that 
prohibits access to the bulk matrix can be formed and maintained during 
industrial operation. Manganese (Mn) is another alloying element in 
high temperature alloys, known to suppress the hot working brittleness. 
High mobility of Mn in Cr2O3 [8] enables formation of a CrMn2O4 spinel 
phase, and this spinel is also established as a good protective scale 
[9–13]. 

The phenomenon of metal dusting has been studied for decades [4, 
14–20]. Metal dusting of Fe-based alloys has been shown to involve 
metastable Fe3C formation and the subsequent decomposition [18,21] 
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and/or disintegration [7,22] of this compound. The resulting nano-
particles serve as catalysts for further carbon deposition. It should be 
noted that Ni-based alloys show better metal dusting corrosion resis-
tance compared to Fe-based alloys. There are several reasons for this 
difference. Cr atoms diffuse relatively fast within the alloy and the 
amount of Cr increases with the Ni content [23]. Unlike Fe-based alloys, 
Ni-based alloys do not form metastable M3C (M =metal) intermediates 
during the carburization [24]. The carbon permeability is lower in 
Ni-based alloys compared to Fe-based alloys [16,18,25,26]. Finally, 
fewer and larger metal particles are formed during the metal dusting 
process on Ni-based alloys compared to on Fe-based alloys, thereby 
lowering the total catalytic surface area for carbon formation [16,27]. 
Once graphite has formed, Ni atoms may diffuse via intercalation to 
form nanoparticles that catalyze further carbon deposition [17]. 

Ni-based Inconel 601 generally displays resistance against corrosion 
under oxidizing and reducing conditions at high temperature [20, 
28–39]. Inconel 601 is thus widely used in petrochemical and other 
process equipment, and several investigations have addressed its sus-
ceptibility to metal dusting. Klarstrom et al. have exposed Inconel 601 to 
a flowing gas mixture for 10,000 hours to find significant metal wastage 
in the form of numerous rounded pits with diameter up to 1.2 mm. [28]. 
Walmsley et al. have studied the basic features of carburization and 
carbide oxidation of Inconel 601 alloy exposed to metal dusting condi-
tions for 2 years in a commercial methanol plant [37]. Nishiyama et al. 
compared alloy 601 to their own NSSMC 696 alloy under synthesis gas 
for more than 10,000 hours and concluded that the pits observed occur 
earlier and grow faster on 601 [29]. Many of these studies have been 
based on the analysis of long-term exposed material (both in laboratory 
and in industrial plant), however, the mechanism of the initial carbon 
formation on the metal dusting relevant alloy surface is less described, 
documented and understood. 

The overall objective of our research is to provide a better general 
understanding and prediction of carbon formation phenomena leading 
to metal dusting, as well as enabling alloy selection and alloy pre- 
treatment protocols that minimize metal dusting corrosion. We have 
previously demonstrated in a qualitative way that the tendency to form 
solid carbon on the Inconel 601 surface is strongly linked to the pre- 
oxidation conditions, through the composition and structure of the Cr- 
rich oxide layer formed [20,38,39]. The carbon formation was cata-
lyzed by Fe and/or Ni (alloy) particles, seemingly originating from the 
reducible phases presence within this layer [20]. Moreover, we exposed 
the Inconel 601 to a model syngas at varying temperature to show that 
pitting features, observed in alloys applied in industrial process equip-
ment, could be formed within relatively short exposures [20]. In this 
study, by varying the exposure time, we assess the point at which the 
reducible phases are initiating the first carbon formation as well as how 
the carbon formation progresses during the initial phase. CO is the main 
source of carbon, but the effects of adding common synthesis gas com-
ponents (H2, CO2 and H2O) are also addressed. Characterization by SEM, 
XRD, Raman and TEM, the latter involving advanced sample prepara-
tion by Focused Ion Beam (FIB) milling and EDS/EELS elemental anal-
ysis, are combined to yield information on the amount and type of 
carbon evolving, the nature of the catalyst particles associated with the 
formation of carbon, the composition and topology of the oxide phases 
developing at and near the surface during exposure, and finally the 
characteristics of the initial pitting. 

2. Materials and methods 

Inconel 601 alloy samples with dimension 15 × 8×0.5 mm3 were cut 
and first subjected to a procedure intended to yield a consistent and bulk 
representative starting point. Gradually finer polishing was applied until 
reaching 1 μm diamond grain size, then ultrasonic cleaning in 99% 
hexane for 30 min and drying overnight. Oxidation and carburization 
exposures were thereafter conducted in an experimental setup described 
elsewhere with a vertical, internally gold-coated, steel tube (Incoloy 

800 H) enclosed in a furnace [40]. 
Oxidation of the alloy samples was performed by ramping the tem-

perature by 10 ◦C/min in 10% steam in Ar to 540 ◦C, and then the 
samples were kept at 540 ◦C for 6 h at 1 bar. The resulting samples were 
either unloaded for characterization or exposed to carburizing condi-
tions at 750 ◦C. Two different gas mixtures (100 Nml/min total flow 
rate) were used for the experiments; one representing infinite carbon 
activity (ac ≫1) and consisting of 10% CO in Ar at 1 bar (denoted as I- 
ac), the other simulating syngas at industrially relevant conditions, i.e. 
finite low carbon activity (ac ~7, denoted as FL-ac), and containing a 
mixture of H2 (25%), CO (20%), CO2 (15%), H2O (10%) and Ar (30%) at 
20 bar total pressure [40]. The metal dusting exposure time varied from 
1 h to 20 h. After oxidation/exposure, the samples were cooled under Ar 
flow and unloaded at ambient conditions. 

The resulting samples were characterized by a range of techniques to 
relate the carbon formation propensity and potential progression of the 
metal dusting to the initial structure and composition, as well as the 
development of the metal/oxide matrix during the carburizing expo-
sures. A Zeiss Ultra 55 LE thermal field emission gun scanning electron 
microscope (FEG-SEM) was operated at 10 kV. The depth profiles of 
Inconel 601 before and after oxidization were analyzed by Auger spec-
troscopy under Ar-ion sputtering in a field emission JEOL 9500 F in-
strument. The acceleration voltage of the electron beam was 10 keV and 
analysis was performed at 30◦ under Ar+ of 1 keV. Raman spectra were 
collected by focusing a Horiba Jobin Yvon LabRAM HR800 spectrom-
eter, using the emission line at 633 nm from a He-Ne laser, on the sample 
with a 50 × LWD objective with a motorized x-y stage. The output power 
of the laser was 8 mW with a spot diameter of approximately 1.5 μm. The 
spectra were recorded with continuous scans in the range 300-3000 cm- 

1. Spectra were taken at three different locations on a given sample to 
verify that the observed surface characteristics were uniform and 
representative. Grazing incidence X-ray diffraction (XRD) was applied to 
investigate the near surface region of the samples using a Bruker D8 A25 
DaVinci X-ray Diffractometer with Cu Kα radiation with a 1◦ incidence 
angle. 

Finally, cross-section TEM lamellae were prepared from selected 
samples by a FEI Helios G4 UX focused ion beam (FIB). Carbon or 
platinum protection layers (the first part of the layer made by e-beam 
assisted deposition to avoid ion-beam induced surface damage) were 
deposited on the selected regions prior to cutting out the TEM lamella. 
Coarse thinning was performed at 30 kV acceleration voltage. The last 
part of the thinning was performed at 5 kV and finally 2 kV to minimize 
ion-beam induced surface damage on either side of the TEM lamellae. 
The TEM analysis was done on a double Cs aberration corrected cold FEG 
JEOL ARM 200 F, operated at 200 kV and equipped with a large solid 
angle Centurio SDD (0.98 sr) for X-ray energy dispersive spectroscopy 
(EDS) and a Quantum ER GIF for dual electron energy loss spectroscopy 
(EELS). 

3. Results and Discussion 

3.1. Initial structure and composition 

The nature of the surface oxide layer, i.e. microstructure and 
composition as resulting from the initial polishing to uncover the bulk 
and subsequent oxidation in steam at elevated temperature, represents 
the starting point of this investigation. Fig. 1(a) shows a SEM micro-
graph of the oxide layer for the pre-oxidized alloy sample before expo-
sure to the carburizing mixture. The parallel streaky features appearing 
on the alloy surface result from the polishing. Particle-like features can 
also be observed, and these were formed upon the steam exposure. The 
corresponding X-ray diffractogram (Fig. 1(b)), displays two strong 
diffraction peaks from the fcc bulk alloy matrix. Peaks representative of 
oxides are practically undetectable. The particles are seemingly also 
recognizable in the Raman optical microscope as the darker features of 
the image shown in Fig. 1(c). Raman spectroscopy was performed at the 
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center of Fig. 1(c), with the result given in Fig. 1(d). The Raman bands at 
358 cm-1, 528 cm-1, 555 cm-1, 623 cm-1 correspond to Cr2O3 [41], while 
the peak at 685 cm-1 may be assigned to (Ni, Fe, Cr)3O4 spinel [35]. 
Spectra from other areas on the sample display similar characteristics. 

Auger depth profiles of Inconel 601 before and after oxidization are 
shown in Fig. 2. It can be noted that the alloy samples also exhibit a very 
thin oxide layer before oxidization, with thickness ~2 nm, as a result of 
exposure to ambient conditions during sample transfer. The steam 
oxidation at 540 ◦C results in an oxygen rich region of 40-50 nm thick-
ness. The sputtering rate may depend somewhat on the composition and 
structure of the material [39]. The obtained depth profiles thus provide 
semi-quantitative information, since the estimated depth refers to 
sputtering of a SiO2 standard. The oxide layer estimate corresponds well, 
however, to thicknesses obtained from TEM cross section analysis of a 
similar sample (Shown in Fig. S1, Supporting Information), ranging 
locally from 30 nm to 90 nm. The O concentration decreases when 
moving from the surface to the bulk alloy matrix. Fig. 2(b) further in-
dicates that the oxidized surface layer is depleted in, but not free from, 
Fe and Ni, in accordance with the Raman spectroscopy results (Fig. 1 
(d)). The amount of Cr relative to Ni and Fe is hence significantly higher 
than in the bulk. 

Combined, the information from Raman spectroscopy and Auger 

depth profiling shows that a ~40 nm oxide scale has formed after oxi-
dization in 10% steam in Ar. This scale is too thin to yield a significant X- 
ray diffraction signal, and contains Cr2O3 as well as (Ni, Fe, Cr)3O4 
spinel. 

3.2. Carbon formation 

The pre-oxidized alloy samples were subjected to the carburizing gas 
mixtures at 750 ◦C as previously described. Carbon formed on the pre- 
oxidized alloy samples under 1 h to 20 h of infinite carbon activity 
(1 bar 10% CO in Ar; I-ac) conditions is illustrated by the SEM micro-
graphs in Fig. 3. Carbon filaments are found after all exposure times. 
With time, the number of filaments increases as well as the length and 
the diameter of each filament. The samples exposed for 1 h (Fig. 3(a and 
b)) display short carbon fibers with nanosized particles at the tip, which 
is typical of a Ni/Fe catalyzed carbon growth mode. When the exposure 
time is prolonged to 2 h (Fig. 3(c and d)) a wider range in filament length 
and diameter is observed. After 5 h exposure time (Fig. 3(e and f)), 
catalyst particles can be observed not only at the tip of the filaments, but 
also along the center axis. The twisted morphology of the carbon fila-
ments may have originated from splitting of the catalyst particles. This 
shape of carbon filaments is more evident after 20 h exposure to the I-ac 

Fig. 1. Surface characterization of polished Inconel 601 sample after oxidation under 10% steam in Ar at 540 ◦C for 6 h at 1 bar; (a) SEM micrograph; (b) X-ray 
diffraction (c) Raman optical micrograph; (d) Raman spectroscopy. 
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conditions (Fig. 3(g and h)). The diameter of the carbon filaments at one 
end is larger while, as the growth proceeds, the filament diameter 
gradually decreases. Two different types of catalyst particles were 
observed associated with these carbon filaments. One is a thin conical 
shaped nanorod encapsulated at the tip of carbon filaments. The other 
type includes relatively large, elongated particles encapsulated along 
the middle of the carbon filaments. 

The carbon formation trends after exposures to finite, low carbon 
activity simulated syngas (20 bar 25% H2, 20% CO, 15% CO2, 10% H2O 
and 30%Ar; FL-ac) for 1-20 h are illustrated in Fig. 4. There are no 
observable carbon filaments after 1 h exposure (Fig. 4(a and b)). After 
2 h, short (~100 nm) carbon filaments with catalyst particles at the tip 
are found (Fig. 4(c and d)). In Fig. 4(e and f), after 5 h exposure, the 
carbon filaments are significantly longer with diameters ranging from 
100 - 400 nm and exhibiting a twisted and entangled morphology. After 
20 h FL-ac exposure, most of the surface is covered by filamentous car-
bon (Fig. 4(g and h)). Some few and small areas are not fully covered by 
carbon, but these do display short emerging carbon filaments. An 
example can be seen from the inset in Fig. 4(h), which contains two 
filaments of ~200 nm diameter and ~400 nm length, each with a 
catalyst particle at the tip. This demonstrates that the complete sample 
surface is attacked by carbon formation phenomena leading to metal 
dusting corrosion. 

Our pre-oxidized Inconel 601 alloy hence shows different perfor-
mance regarding carbon deposition under the different conditions at 
750 ◦C. First, the carbon filaments formed under FL-ac at 20 bar were 
usually larger in diameter than those formed under I-ac at 1 bar. This is 

in accordance with observations reported by Zeng and Natesan [42]. 
Then there appears to be less carbon within 2 h under finite low than 
under infinite carbon activity. However, as the exposure time is pro-
longed to more than 5 h, this is different; i.e. the carbon filaments 
formed under finite low carbon activity are longer and more abundant. 
This indicates that the mechanism is different, with a longer incubation 
period but more facile growth once it has been initiated under finite low 
carbon activity. 

Raman spectroscopy was used to further investigate the formation of 
carbon on the surface. The spectra obtained are displayed in Fig. 5(a) for 
the I-ac case and 5(b) for the corresponding FL-ac exposures. All Raman 
shifts obtained in the range 1000-3000 cm-1 can be related to surface 
carbon, to which Raman is very sensitive. The main order G band in the 
range 1577-1608 cm-1 exists for all sp2 carbon systems, such as amor-
phous carbon, carbon nanostructures and graphite. It relates to bond 
stretching of sp2 pairs only [43]. The other important band is the D band, 
also called “disorder-induced”, is found in the range 1326-1328 cm-1. It 
requires a defect for momentum conservation, which can be anything 
that breaks the symmetry in the graphene lattice, such as sp3-defects 
[44], vacancies [45], grain boundaries [46], or an edge [47]. The D’ 
band, defined as a shoulder observed in the range 1600-1610 cm-1, is 
also dependent on structural disorder. For some cases, the 2D band (also 
called G’) recorded in the region 2658 cm-1 may be very strong. It 
originates from a second order Raman process related to the in-plane 
breathing-like mode of the carbon ring, and is hence directly related 
to the graphitization of the carbon species [48] and especially sensitive 
to the number of graphene layers [49,50]. In addition to these common 
bands, one can add the D +G band at 2900 cm-1 which is defined as a 
combination scattering peak [51–53]. In terms of carbon structures 
deposited on a surface, the intensity of G and 2D bands are both related 
to the number as well as the order of graphene layers [45,46]. As the 
extent of disorder in the carbon species increases, the Raman intensity 
increases for the peaks D, D́, and D +G [53,54]. 

The Raman spectra show that the I- ac carbon structures have many 
defects due to the presence of D (1327 cm-1), D’ (1607 cm-1), and D +G 
(2900 cm-1) bands (Fig. 5(a)). These bands are relatively prominent after 
1 h as compared to G (1577 cm-1) and 2D (2658 cm-1). However, a G and 
2D band intensity increase is predominant during prolonged exposure to 
10% CO in Ar (1 bar, I-ac), from 1 h to 20 h at 750 ◦C, while the full 
width at half maximum (FWHM) of both peaks clearly decreases. The D 
band slightly narrows with longer exposures, while - notably - the D́
band increase ceases when the exposure time reaches 20 h. The D +G 
band does not increase significantly after 1 h. Both the D and G bands are 
slightly shifted to lower wave numbers. I2D after 5 h is much stronger 
than after 1 h and 2 h and extended exposure to 20 h yields another large 
increase. The ID/IG intensity ratios are plotted in Fig. 6, and the ratio for 
I-ac is decreasing with exposure time. The overall crystallinity of the 
carbon formed on the pre-oxidized alloy samples is hence improved by 
prolonged exposure [22,48]. This implies that, during exposure to CO 
only, some disordered and amorphous carbon synthesizes first, and 
more ordered carbon is thereafter formed on top [55]. 

When it comes to the samples exposed to the simulated syngas (FL- 
ac) at 20 bar, the D (1327 cm-1), D’ (1607 cm-1), and D +G (2900 cm-1) 
bands display higher intensity in the case of FL-ac samples than observed 
for I- ac (Fig. 5(b)). Furthermore, the D band narrows with exposure 
time, and the (relatively small) D́ band also seems to increase slightly. 
Amorphous carbon is dominated by sp3 even if some sp2 bonding co- 
exists (G band) [56]. The abovementioned ID/IG ratio (Fig. 6) initially 
increases strongly, followed by a gradual increase from 5 to 20 h, but 
always a faster increase in sp3 hybridization than in sp2 configuration. 
The 2D band is not visible for the 1 h exposure but a small, broad peak 
can be seen after 2 h exposure that only slightly grows until 20 h. This 
implies that there is no improved crystallinity of the growing carbona-
ceous deposits. Amorphous carbon is also synthesized first on the 
pre-oxidized alloy surface during the syngas (FL- ac) exposure, but what 
is different compared to the CO (I- ac) exposure is that disordered carbon 

Fig. 2. Auger sputtering depth profiles of polished Inconel 601 surface (a) 
before oxidization and (b) after oxidization under 10% steam in Ar at 540 ◦C for 
6 h at 1 bar. 
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maintains predominant. 
The differences in carbon growth mean that apart from thermody-

namic control in the reaction (ac), the kinetic dependence on tempera-
ture and partial pressures of the gaseous reactants also strongly affects 

the surface carbon deposition. This is in accordance with observations 
reported by Zhang and Young showing that for a fixed carbon activity 
(ac = 19) but varying gas composition, both the Boudouard and the CO 
reduction reactions contributed to carbon deposition. The gasification of 

Fig. 3. SEM micrographs at small and large magnification of oxidized Inconel 601 surface after exposure to infinite carbon activity (I- ac) at 750 ◦C for (a, b) 1 h; (c, 
d) 2 h; (e, f) 5 h; (g, h) 20 h. Total pressure 1 bar, 10% CO in Ar. 
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carbon by hydrogen was important at high hydrogen partial pressures 
[57]. Zhang et al. also compared exposure to CO/CO2 (Boudouard) and 
H2/CO/CO2 (CO reduction) mixtures for model Fe-Ni alloys as well as 
304 steel, and suggest that the faster rate of the latter reaction can lead 

to higher degrees of carbon supersaturation in the steel [25,58]. CO 
reduction being kinetically favored over the Boudouard reaction under 
metal dusting relevant atmospheres is well established [25,58]. How-
ever, it remains to be substantiated if H2-assisted activation of the CO as 

Fig. 4. SEM micrographs at small and large magnification of oxidized Inconel 601 surface after exposure to simulated synthesis gas of finite low carbon activity (FL- 
ac), at 750 ◦C for (a, b) 1 h; (c, d) 2 h; (e, f) 5 h; (g, h) 20 h. Total pressure 20 bar, H2 (25%), CO (20%), CO2 (15%), H2O (10%), Ar (30%). 
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known from CO hydrogenation catalysis is important to the nature as 
well as the rate of the carbon formed in this respect [59,60]. Since the 
samples qualitatively exhibit contradictory behaviors with respect to the 
initial carbon formation and the progress with longer exposure, this 
cannot be concluded from the present work. But the kinetics of carbon 
deposition is here affected by a gradual structure and composition 
development of the alloy surface. It is thus worth to investigate the 
composition and structure of the alloy, as well as changes resulting from 
the exposures. 

3.3. Surface oxide layer development 

Fig. 7 compares the XRD patterns of the pre-oxidized Inconel 601 
samples after 20 h under the two different metal dusting conditions to 
the sample oxidized in steam only (also shown in Fig. 1 and discussed 
above). After exposure under infinite carbon activity, Cr2O3 emerges as 
a new phase in addition to the bulk fcc alloy matrix. In contrast, the 
major additional phase observed by XRD after exposure to finite low 
carbon activity is (Ni, Fe, Cr)3O4 spinel [5]. Neither of these could be 
confirmed by XRD of the pre-oxidized sample only, but both were pre-
sent in the thin (40-50 nm) surface layer according to Raman. There has 
clearly been a development in the oxide structure alongside the carbon 

Fig. 5. 1000-3000 cm-1 region Raman spectra of oxidized Inconel 601 after exposure to (a) infinite carbon activity (I- ac) at 750 ◦C for 0 h, 1 h, 2 h, 5 h and 20 h Total 
pressure 1 bar, 10% CO in Ar; or (b) simulated synthesis gas of finite low carbon activity (FL- ac), at 750 ◦C for 0 h, 1 h, 2 h, 5 h and 20 h. Total pressure 20 bar, H2 
(25%), CO (20%), CO2 (15%), H2O (10%), Ar (30%). 
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formation for both exposures. As mentioned before, an adherent Cr2O3 
scale can protect an alloy from carbon attack. (Ni, Fe, Cr)3O4 spinel 
varieties, on the other hand, are not preferred since they are thermo-
dynamically less stable than Cr2O3 and can be spalled more easily as a 
result of stress [61]. Under metal dusting conditions (Ni, Fe, Cr)3O4 
spinel can be partly reduced upon application in low PO2 environments 
containing CO and/or H2. Carbon can deposit at the surface of Ni and/or 
Fe metal particles formed upon reduction [24,62,63]. If the higher 
content of spinel phase after syngas exposure is a signature of contin-
uous formation and decomposition of spinel, it is a possible reason as to 
why more carbon is formed than under CO in Ar exposure after the 
initial incubation. 

The Raman spectra from the 200-900 cm-1 region shown in Fig. 8(a) 
and (b) present results complementary to the information from XRD. 
Fig. 8(a) shows that with extended exposure time under I-ac, the five 
peaks of Cr2O3 (304, 355, 529, 553 and 616 cm-1) [41] increase in in-
tensity while becoming narrower and more symmetric. The spinel peak 
at 685 cm-1 [35], however, does not change much as the exposure time 
extends from 1 h to 20 h. The Cr2O3/spinel peak ratio is hence clearly 
increasing in parallel with the formation of solid carbon during exposure 

to CO. Formation of Cr2O3 from the alloy is also governed by the tem-
perature and the diffusion rate of the Cr cation towards the surface [61], 
in addition to an effective PO2. In principle, the only sources of oxygen 
are the oxide phases existing in the surface layer and the oxygen from 
the CO. The development in the Cr2O3 may thus be due to either parallel 
reduction and oxidation occurring within the oxide or transfer of oxygen 
to the layer due to CO dissociation at elevated temperature. The latter 
implies that the Boudouard reaction is not the only reaction proceeding, 
and that the low effective oxygen partial pressure is sufficient to oxidize 
Cr [58]. The Raman peaks of both Cr2O3 and spinel also show slight 
shifts towards higher wavenumbers relative to the bands recorded for 
pure chemicals. This is likely caused by a decrease in interatomic dis-
tances [64], i.e. mechanical stress may be present within the oxide [65, 
66]. Such a stress may explain why carbon formation proceeds with 
continued exposure. Even if the amount of Cr2O3 increases, the stress 
causes defects that allow continuously renewed access to Ni, Fe and/or 
reducible phases thereof. 

For the oxidized alloy samples exposed to FL- ac, peaks from (Ni, Fe, 
Cr)3O4 spinel remains dominant throughout the exposure time 
compared to Cr2O3 as can be seen in Fig. 8(b). The Cr2O3/spinel peak 
ratio remains practically constant, and the abovementioned peak shifts 

Fig. 6. ID/IG intensity ratios of the Raman spectra for oxidized Inconel 601 after 
exposure to infinite carbon activity (I-ac) or simulated synthesis gas of finite low 
carbon activity (FL- ac) plotted as a function of exposure time. 

Fig. 7. X-ray diffraction patterns from oxidized Inconel 601 before and after 
20 h of exposure to infinite carbon activity (I-ac) or simulated synthesis gas of 
finite low carbon activity (FL- ac). 

Fig. 8. 200-900 cm-1 region Raman spectra of oxidized Inconel 601 after 
exposure to (a) infinite carbon activity (I- ac) at 750 ◦C for 0 h, 1 h, 2 h, 5 h and 
20 h Total pressure 1 bar, 10% CO in Ar; or (b) simulated synthesis gas of finite 
low carbon activity (FL- ac), at 750 ◦C for 0 h, 1 h, 2 h, 5 h and 20 h. Total 
pressure 20 bar, H2 (25%), CO (20%), CO2 (15%), H2O (10%), Ar (30%). 
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were found for neither the Cr2O3 nor the spinel. The slight increase in all 
peaks parallel to the appearance of the spinel in the XRD pattern after 
20 h nevertheless implies development of the oxide. Gunawardana et al. 
also previously showed by Auger spectrometry an increase in the oxide 
thickness (~ 500 nm) under same carburizing condition [20]. This im-
plies reduction as well as oxidation schemes different from the infinite 
carbon activity, CO only, case. The main difference lies in the presence 
of H2, H2O and CO2, and the overall higher total pressure. Both H2O and 
CO2 can oxidize Cr and Fe and facilitate the formation of (Ni, Fe, Cr)3O4 
spinel on the surface of the alloy [67], while H2 may play a role in the 
reduction of both oxides in addition to CO. Higher total pressure of 
synthesis gas mixtures has in several contributions, accounting for a 
wide range of alloy compositions, exposure times and progress of the 
carburization, been found to lead to more severe metal dusting [68–71]. 
Nishiyama et al. found, that upon exposure of alloy 800H to carbona-
ceous environments (100 h, CO, H2, CO2 and H2O), the ratio of Cr2O3 to 
spinel type oxides such as FeCr2O4 decreases with increasing pressure 
[69]. Also, Madloch et al. reported that both alloy 600 and alloy 800H 
could form protective chromium oxide on the metal surface under 
ambient total system pressure (H2, CO, CO2, CH4, H2O), while high total 
pressures lead to the formation of spinels such as MnCr2O4 and/or 
FeCr2O4 [68]. A higher rate of formation for these spinels were proposed 
to induce stress that in turn can deteriorate the protective behavior. Put 
et al. ran experiments at different total pressures and gas velocities, but 
similar ac (H2, CO, CO2, CH4, H2O/H2, CO, H2O), and found that the 
metal dusting mass loss increases and the average incubation time de-
creases with pressure for both the HR120 and 800H alloys [70]. Natesan 
and Zeng also reported that for similar ac (H2, CO, CO2, H2O/H2, CO, 
H2O), all the 6 different alloys tested showed a decrease in initiation 
time for metal dusting degradation at higher total pressure [71]. 

3.4. Cross-section analysis 

Three TEM lamellae were prepared by FIB milling from the sample 
surface after metal dusting corrosion testing, one after 20 h exposure to 
I-ac (Figs. 9 and 10) and another two from 2 h (Fig. 11) and 20 h (Fig. 12) 
exposure to FL-ac conditions. The red line in the SEM image of Fig. 9(a) 
shows the location of the cross-section I-ac TEM lamella. It extends 
through a region in the center with less carbon, seemingly a surface of 
different characteristics than the surroundings. The cross-section SEM 
image of the lamella with carbon protection layer after milling is shown 

in Fig. 9(b), and this is a good example of a TEM lamella where ion-beam 
damage has been avoided. The carbon filaments on the surface and the 
grain boundaries underneath are not very clear due to the low magni-
fication. Low-angle annular dark-field scanning transmission electron 
microscopy (LAADF STEM) was therefore employed to obtain more 
details of the region within the red square in Fig. 9(b), as shown in Fig. 9 
(c). Carbon filaments with metal particles at the tip can be observed on 
the top of the lamella within the carbon protection layer. The diameter 
of these carbon filaments varies over a broad range. Grain boundaries 
are indicated by blue lines in the figure. It can be seen that the mid- 
section grain is resulting from a straight grain boundary that goes 
from the bulk towards the surface, an then bends to continue relatively 
parallel to the surface (blue solid line in figure) before extending to the 
surface on the right. Thus, the center area with less carbon is associated 
with a relatively small and shallow part of a larger grain. 

Chemical composition mapping by simultaneous EDS and EELS was 
performed from the two regions indicated by red rectangles in Fig. 9(c). 
The element maps are displayed in Fig. 10(a) and (b) for the right and 
left of these two regions, respectively. The elementary maps for O, Cr 
and Mn in Fig. 10(a) confirm that a thin Cr-rich oxide covers the alloy 
surface. As to be expected, the bulk matrix under the surface oxide layer 
is rich in Ni and Fe. The shallow grain boundary is located in the middle 
of Fig. 10(a) and striking differences can be observed between each side 
of this grain boundary. Firstly, while the shallow part of the grain to the 
left appears depleted in Cr, Cr-rich oxide precipitates can be observed 
inside the grain on the right. Mn generally tends to be accompanied with 
the Cr. Small Ni and Fe rich particles are clearly also present on top of 
the oxide, and seemingly more abundant to the right than to the left. Al 
and Ti were found as oxides mainly at the interface between the bulk 
alloy and the Cr-rich scale, and it is worth to note that the Al and Ti EDS 
signal is stronger on the left side than on the right side of the grain 
boundary (See Fig. S2 in the Supporting Information). Slight Si enrich-
ment can also be observed at the interface between the alloy and the 
oxide scale. 

Due to insufficient EDS signal from carbon, EELS was applied for the 
C-mapping. The carbon protection layer deposited during FIB prepara-
tion dominates the C element map. However, the carbon located in the 
filaments can still be distinguished from the amorphous carbon protec-
tion layer. The carbon deposits consist of filaments of various length and 
thickness, and the observation that there is less carbon at the surface of 
the shallow grain is apparent also in the cross-section TEM lamella. The 

Fig. 9. Preparation of TEM lamella by FIB milling from 
oxidized Inconel 601 after exposure to infinite carbon activity 
(I- ac) at 750 ◦C for 20 h. (a) SEM surface view of the region 
from where the FIB sample was selected. (b) SEM image of the 
cross-section TEM lamella, region indicated in red square is 
further analyzed by LAADF STEM. A thin protection layer of C 
was deposited on the alloy surface before ion milling, and can 
be observed in upper part of the images. (c) LAADF STEM 
image of the TEM lamella with solid line indicating grain 
boundary and dashed line indicating the extension line of this 
grain boundary into the grain matrix and towards the surface. 
The two red squares indicate regions further analyzed by EDS 
and EELS (Fig. 10).   
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Ni and Fe rich metal nanoparticles are clearly associated with the tip of 
the carbon filaments. It should also be noted that significant O, Cr, Mn 
and a little bit of Fe can be observed inside the carbon filaments. The 
carbon growth could hence be related to a partial decomposition of (Ni, 
Fe, Cr)3O4 spinel phases present after steam oxidation pre-treatment, 
which then serve as “impure” catalyst particles for the first carbon 
deposition. Further CO exposure makes the filaments grow and lifts the 
catalyst particles up while simultaneously leaving behind “impurities” 

along the core of the filaments to render the particle at the tip as an 
increasingly pure Ni-Fe alloy. This suggests that (Ni, Fe, Cr)3O4 spinel is 
not formed in reaction with CO only and may explain why the overall 
crystallinity of the carbon formed under prolonged exposures to I-ac is 
improved as discussed above. 

Fig. 10(b) only covers a short part of the grain boundary, in the lower 
right corner of this region. However, it is interesting to see that some Cr- 
rich oxide precipitates form a line (indicated as dash line in Fig. 9(c)) 

Fig. 10. STEM images, EELS (C signal) and EDS (other signals) element mapping, and RGB element merge of selected regions of TEM lamella milled by FIB from 
oxidized Inconel 601 sample after exposure to infinite carbon activity (I- ac) at 750 ◦C for 20 h; (a) right region and (b) left region indicated by the red squares 
in Fig. 9. 
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exactly at the extension of the straight grain boundary underneath. On 
the left side of this “precipitate boundary” the surface Cr-oxide layer is 
relatively thick (100-290 nm) and underneath Cr-rich oxide precipitates 
are found homogeneously dispersed within the Ni-Fe matrix. On the 
right side, on the other hand, the surface oxide layer is thinner (70- 
100 nm) and underneath the internal Cr-rich oxide precipitates are 
fewer, larger and form a long meandering strip. Surrounding the Cr-rich 
precipitates, the shallow part of the grain has become depleted in Cr. All 
of this indicates that the grain boundary has played a role in the trans-
port of Cr towards the surface, supporting the notion that grain 
boundaries are channels for Cr [72]. 

As could be inferred from the SEM images in Fig. 4, the amount of 
carbonaceous deposits after exposure to the finite carbon activity, 
simulated syngas (FL-ac) was much higher after 20 h than for the cor-
responding CO only exposure. However, the 2 h FL-ac exposure pre-
sented a surface with similar appearance (Fig. 4(c) and (d)) as the 20 h I- 
ac. Thus, a TEM lamella was prepared from the former by FIB milling. 
Fig. 11 shows chemical composition mapping by EDS and EELS. The 
element maps of O, Cr, and Mn confirm that a Cr-rich oxide covers the 
alloy surface also here; ~40-96 nm thick as observed from the dark field 
STEM and including Mn. Metal particles with only a few layers of carbon 
are observed on top of the oxide. These catalyst particles are rich in Ni 
but contain also some Fe. Close inspection reveals that they are also 
actually wrapped by a thin layer of Cr-rich oxide, and this could be the 
signature of a decomposed spinel phase (See Fig. S3 in the Supporting 
Information). Below the surface oxide layer, large oxide precipitates can 
be observed, reaching ~550 nm into the matrix, which are rich in Cr and 
may contain some Fe. More dispersed Cr-rich oxide precipitates are 
found below the large precipitates, but not above them. Similar to the 

sample in Fig. 10, slight Si, Al and Ti enrichment can be observed at the 
alloy and oxide scale interface (See Fig. S4 in the Supporting 
Information). 

To reach the oxide layer of the alloy and enable further sample 
preparation, the carbon and corrosion products after 20 h exposure to 
the finite carbon activity, simulated syngas (FL-ac) were removed by 
ultrasonic agitation in acetone. Pt deposition to protect the surface layer 
during ion milling was applied before TEM lamella preparation. Fig. 12 
shows a TEM lamella on which a corrosion pit has developed. EDS based 
element maps from the region labelled by the red frame in the dark field 
STEM image are also shown. These element maps show that oxygen has 
penetrated much deeper into the alloy matrix compared to the alloy 
samples exposed to I-ac, yielding a 430-830 nm thick oxide layer. It can 
be observed from the dark field STEM image that the surface oxide 
consists of two layers: A seemingly porous, ~ 170 nm dark STEM 
contrast layer on the top with a thicker ~260 - 660 nm discontinuous 
layer below. This thick layer probably results from continued formation 
of Cr-rich oxide precipitates such as those observed from Fig. 11. O, Cr 
and Mn are overlapped within the entire oxide layer. Filamentous car-
bon within the pit indicates that strongly attached carbon filaments were 
not removed by the ultrasonic agitation and preserved during FIB 
milling. Carbon is also found progressed into the topmost oxide, and this 
has previously also been substantiated from Auger depth profiles from 
same exposures [20]. The Ni and Fe maps show that metallic Ni-Fe 
phases occupy the interstice within the discontinuous oxide. Ni and Fe 
rich nanoparticles are also observed in the pit, which indicate that these 
particles serve as catalysts for carbon deposition. The original oxide 
scale must have been destroyed in the pitting area; however, a new, thin 
less protective oxide has formed at the bottom of the pit with similar 

Fig. 11. STEM images, EELS (C and Fe signals) and EDS (other signals) element mapping, and RGB element merge of selected regions of TEM lamella milled by FIB 
from oxidized Inconel 601 sample after exposure to finite low carbon activity (FL- ac), at 750 ◦C for 2 h. A thin protection layer of C was deposited on the alloy surface 
before ion milling, and can be observed as background in the C map. 
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composition outside of the pit. A similar observation was also made by 
Zhang et al [58]. When the protective chromia was lost, inward diffusion 
of O resulted in the formation of less protective internal precipitates 
such as FeCr2O4 or other spinel types. It should be noted that the Pt 
protection layer gives an enhanced bremsstrahlung background signal 
compared to the rest of the mapped region that shows up as an artefact 
in the Al, Ti and Si maps (See Fig. S5 in the Supporting Information). 
Nevertheless, Al, and possibly also Ti and Si signals are distinguishable 
at the interface between the bulk alloy and the oxide scale, but part of 
the Al is also dispersed within the oxide layer, more dispersed than for 
the sample exposed to I- ac. 

By comparing Figs. 10 and 12, we can see that oxide scale developed 
under I-ac is significantly thinner (~70-290 nm) than that developed 
under FL-ac (~430-830 nm). The central part of the TEM lamella where 
the oxide is thinnest produced the least amount of carbon filaments. This 
indicates that a protective oxide scale against metal dusting corrosion is 
not necessarily thick. Presumably, a dense, defect free and chemical 
stable oxide is desired. The central area showed in Fig. 9(c), located 
between a grain boundary and a dashed line which function similar to a 
grain boundary, represents a local fine-grained structure. The impact of 
a fine grain-structure thus appears to have been rapid formation of a 
thin, but comparatively resistant surface oxide. A fine-grained structure 
is found to provide diffusion paths along grain boundaries, sub- 
boundaries and dislocations, resulting in an enhanced Cr diffusivity 
that enables a faster formation of a protective, Cr-rich oxide in the 
surface region [6,73]. Grain boundaries are also associated with inter-
phase energy, hence yielding an overall more reactive phase [74–76]. 
The relatively dense Al oxide scale beneath may also play an important 

role in mitigating metal dusting attack [5]. 
Finally, the kinetics and thermodynamics of the oxide formation 

under FL-ac produces a different oxide than under I-ac. The presence of 
steam and CO2 and significantly higher partial pressures of the oxygen 
species (CO/H2O/CO2) yields deeper oxidation in parallel with the 
carbon formation but seems to favor spinel over Cr oxide. This (Ni, Fe, 
Cr)3O4 spinel is subsequently reduced and thereby more prone to 
participate in continued formation of highly defected carbon. It remains 
to fully explain the formation of Cr2O3 under CO exposure only (I-ac) 
and to which extent it eventually can inhibit further progress of the 
carbon formation. It could be that a low efficient oxygen partial pressure 
is beneficial in terms of allowing sufficient transport of Cr for the reac-
tion. Likewise, the key mechanism for spinel formation should be 
established, but interplay between Cr transport and the kinetics of 
reducing (H2/CO) and oxidizing reactions (H2O/CO2) likely is 
important. 

4. Conclusion 

Nickel-based alloy (Inconel 601) samples have been pre-oxidized in 
10% steam in Ar at 540 for 6 h before exposure to two different metal 
dusting conditions at 750 ◦C. We have shown that by varying the 
exposure times over relatively short exposures, we may capture the 
initiation and progress of carbon formation on alloy surfaces that 
eventually leads to metal dusting. The carbon deposition is clearly a 
function of the gas composition during exposure. After 20 h, less carbon 
has formed under 10% CO in Ar (1 bar), i.e infinite carbon activity (I-ac), 
than under synthesis gas with finite low carbon activity (FL-ac; 25% H2, 

Fig. 12. STEM image, EDS element mapping and RGB element merge of region selected from TEM lamella milled by FIB from oxidized Inconel 601 after exposure to 
simulated synthesis gas of finite low carbon activity (FL- ac), at 750 ◦C for 20 h and subsequently subjects to ultrasonic cleaning. A thin protection layer of Pt was 
deposited on the alloy surface before ion milling that can be observed in the upper left image. 
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20% CO, 15% CO2, 10% H2O, and 30%Ar, 20 bar). However, the for-
mation of carbon under FL-ac exhibits a longer incubation period than 
under I-ac, but more facile growth after the first 1-2 h. SEM confirms the 
formation of filamentous carbon for both exposures, albeit overall larger 
diameters with H, CO2 and H2O present in the mixture. Moreover, 
Raman spectroscopy reveals significant differences in the nature of the 
carbon formed. With only CO reacting (I-ac), more ordered carbon de-
velops as the exposure time increases, while this is not case under syn-
thesis gas. Combined, this points to a difference the catalytic reaction 
mechanism and kinetics on the surface. 

In addition, XRD, Raman and TEM characterization reveal that the 
surface oxide layer formed on Inconel 601 develops very differently 
under the two metal dusting conditions applied. Cr2O3 develops as a thin 
surface oxide scale layer under exposure to CO in Ar. A more fine-grain 
structure present near the surface in certain regions on this sample is 
found important in terms of rapidly supplying Cr, Mn and Al to the 
surface under elevated temperature to form a better protective layer and 
thereby slowing the metal dusting corrosion. TEM analysis captured 
another interesting evolution under I-ac, which suggests “purification” 
of the catalyst particles along with carbon filaments growth as a possible 
reason for the improved overall crystallinity of the carbon formed dur-
ing prolonged exposure. In presence of synthesis gas (FL-ac), oxidation 
proceeds within a larger part of the near-surface region, but results to a 
higher extent in (Ni, Fe, Cr)3O4 spinel formation. We suggest that this 
phase continuously forms and reduces to new carbon formation catalyst 
(Ni, Fe) particles that nucleate the formation of more, less ordered 
carbon. 
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