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ABSTRACT

Chemical plants which process highly carbonaceous gases at elevated tempera-
tures are prone to catastrophic corrosion by metal dusting. Typically, commercial
alloys with high amounts of protective oxide scale formers (Cr, Al, and Si) are
used in these environments. However, scale failure is still frequently observed
after an incubation time initiating pits. In this study, the microstructure and sub-
sequent metal dusting-induced failure of the oxide scale on the commercial Ni-
based alloy 601 was analyzed. Samples were exposed in different aggressive metal
dusting gases and characterized using metallographic cross sections, electron
beam microanalysis (EPMA), scanning electron microscopy (SEM), X-ray pho-
toelectron spectroscopy (XPS), Raman spectroscopy and transmission electron
microscopy (TEM). A thin and protective chromia scale formed in some regions
with a continuous silica layer below. Across most of the alloy 601 surfaces, inter-
nal oxidation of Al could be linked to metallic particles in the outer scale. Addi-
tionally, MnCr,0O, was observed in the outer scale. Together with pores in the
chromia, the spinel and metallic particles in the outer scale combined to provide
pathways for carbon ingress. After exposure in a gas with a higher driving force
for carbon deposition, a higher amount of carbon was incorporated in the grow-
ing oxide scale, resulting in earlier scale failure and metal dusting pit initiation.
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Introduction

The chemical industry is currently trending toward
promoting carbon capture and storage, as well as
fossil fuel-free routes for synthesis gas production,
leading to more processes with a high risk for metal
dusting. Corrosion by metal dusting is observed in
processes with carbon-rich gases at temperatures of
400-800 °C [1, 2]. Ni, Fe, and Co catalyze deposi-
tion of solid carbon from the carbon-rich gas and
the nucleation of graphite in the metallic matrix. The
metal disintegrates from the graphite volume expan-
sion leading to pit and coke formation. The coke
contains amorphous carbon and graphite, as well as
metal, oxide, and carbide particles [3-5].
Commercially Ni-based alloys are commonly used
in high metal dusting risk environments. To establish
and maintain a protective oxide scale, which acts as a
barrier between the gas and the metal, Ni is alloyed
with high amounts of Cr, along with Al and/or Si.
However, the oxide scales can still fail and the pitting
attack will continue unless major changes are made
in the process gas [6]. Of course, maximum efficiency
is targeted in all processes for economic and environ-
mental improvement. This includes structural mate-
rials with high metal dusting resistance to minimize
process changes, maintenance and plant downtime.
Understanding and impeding scale failure and pit
initiation under metal dusting conditions is a major
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step toward developing and selecting better materi-
als for these applications.

The proposed protective barrier effect from chro-
mia, alumina and/or silica scales clearly requires fur-
ther investigation as to the mechanism of metal dust-
ing initiation. The four most prominent hypotheses
for pit formation through an oxide scale are briefly
summarized in the following.

Cracks: gas transport through the oxide Mechani-
cal failure of the oxide scale allows contact between
the process gas and the depletion zone beneath the
scale [1]. Pits will form when the oxide former con-
centration at the oxide/gas interface is insufficient to
restore a protective scale.

Spinels: enhanced CO dissociation and/or carbon
diffusion Several studies report an earlier failure of
scales containing Fe-, Ni- or Mn-rich spinels when
compared to pure chromia [7, 8]. The reactivity of
the spinel with the carbon-rich gas can be explained
with a dissociative adsorption mechanism of CO on
Fe- and Mn-rich spinels [9], based on a similar mech-
anism of CO, on Fe-Ni-spinels [10-12]. A higher
carbon deposition on NiCr,0, was observed when
compared to FeCr,0, [13]. Also a higher or lower
carbon deposition on Mn-Cr-spinels when compared
to chromia was observed depending on the composi-
tion [14, 15]. The higher carbon solubility of Mn-Cr
spinels as compared to chromia contributes to the
less favorable performance [9].
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Metallic Ni-rich particles: enhanced carbon diffu-
sion Zeng, Natesan and co-workers [6, 16] suggested
formation of metallic particles by the reduction of Ni-
rich spinels within the oxide scale, thus providing a
path for inward carbon diffusion.

Carbon enrichment along grain boundaries:
enhanced carbon diffusion Enrichment of carbon
along the oxide grain boundaries may also contribute
to inward carbon diffusion. As the scales grow in a
carbon-rich environment, carbon is partially incorpo-
rated directly during the oxide scale growth. It was
shown that Cr,0O; and Cr,;C, can form simultaneously
during reaction of CO with Cr at 830 °C [17]. Stud-
ies using atom probe tomography [18], transmission
electron microscopy (TEM) [19], and Raman spectros-
copy [20] report carbon enrichment along chromia
grain boundaries and the presence of graphite within
the chromia grains [9]. Interestingly, no graphite was
found in the inner alumina layer [19].

In this study the microstructure of the oxide scale
formed on the commercial Ni-based alloy 601 was ana-
lyzed, with a focus on the oxide scale failure mecha-
nism under metal dusting conditions. The alloy was
exposed in four gas mixtures with varying aggressiv-
ity (as discussed in [21]) with the goal of examining
the influence of the gas composition on the oxide scale
microstructure.

Experimental

A hot-rolled and solution-annealed plate of alloy 601
(2.4851, N06601) was provided by VDM Metals Inter-
national GmbH. The composition is listed in Table 1.
Samples were wire-cut to 20 by 10 mm from a 5 mm
thick plate, with a hole drilled in one side for hanging
in the exposure crucibles.

All sides of the samples were ground with SiC
paper to a surface finish of P1200 grit, then soni-
cated in ethanol and finally rinsed with isopropanol.
The samples were ground because in a comparison
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of industrially relevant surface treatments, ground
samples showed the highest metal dusting resist-
ance [22-24]. Sample masses were determined with
a precision weighing balance (Mettler Toledo, 0.01
mg) and dimensions were taken with an electronic
caliper. Two samples were prepared for each test
condition.

The samples were suspended in separate slitted
alumina crucibles and positioned in a horizontal tube
furnace equipped for high pressure tests. A detailed
description of the setup is given in [25]. The pressure
vessel was made of a chromia forming Ni-based alloy
(Centralloy ET45 Micro or Haynes 235). After the sam-
ples were placed in the pressure vessel, the tube was
purged with Ar (<2 vol. ppm O, impurities) overnight.
The samples were heated to 620 °C in stagnant Ar.
When the target temperature was reached, the test gas
was introduced, and the total pressure was increased
to 18 bar. Four test series with the gas compositions
given in Table 2 were performed. During the tests, the
gas flow was set to 0.02 cm/s at the samples.

It is common to calculate parameters based on the
gas conditions in order to estimate the propensity of
the gases to cause metal dusting. These parameters
are all tools to estimate the driving force for carbon
deposition at the surface. The driving force for car-
bon deposition is thought to correlate directly with
the observed aggressivity of the attack. Hence, it is
important to know the most suitable parameter to
estimate the driving force for carbon deposition. For
all of the gas compositions used in this study, the
carbon activity ac g, in the CO reduction, also called
the synthesis gas reaction, was kept constant. The
same applies for the ac p,,4 for the Boudouard reac-
tion. With this test matrix, the impact of the gas com-
position independent of these two parameters was
studied. However, as reported in [21], no correlation
was found between ac g, OT ac g, and the observed
aggressivity. Instead, the propensity for the gases
to cause metal dusting attack increases from I to IV
based on the results from 601 and other alloys [21].

Table 1 Composition of

; Ni Fe Cr Al Si Mo C Mn Ti Mg, V, W,
alloy 601 in at.% and wt.%

. ) Co, Zr, Cu,
as determined by atomic Nb
emission spectroscopy (AES)

at.% 54.9 14.7 25.6 2.5 0.7 0.1 0.3 0.6 0.5 <0.09
wt.% 58.2 14.8 24.0 1.2 0.3 0.1 0.1 0.6 0.5 0.005-0.09

Reproduced with permission from reference [21]. Copyright 2022, Elsevier B.V
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Table 2 Gas compositions Gas Component/vol.%

of the four test series,

Carbon activity Max. expo-

Po2 meta\sl/ba'r

sure time/h

carbon activities and p, as CO CO, H, HO Ar acgy, acpud ACmetast
Caijc‘ia‘ed via FactSage 6.1, I 0 2 8 2 6 206 62 008  86x102 960
anc The Maximutil eXposure I 10 2 40 1 47 206 62 076  40x102* 960
time for the alloy 601 3

m 20 8 20 1 51 206 62 6.25 1.8x 10" 980
samples

IV 40 32 10 1 17 206 62 33.98 75%x1072 480

Reproduced with permission from reference [21]. Copyright 2022, Elsevier B.V

A reasonable correlation between the aggressivity
of the gas and the respective carbon activity in meta-
stable thermodynamic equilibrium (ac petast), With
suppression of graphite formation, was demonstrated
using FactSage 6.1 [26]. For this parameter, the meta-
stable thermodynamic equilibrium of the system is
calculated using the CALPHAD approach. To obtain
a measure for the driving force of carbon deposition in
the system, the formation of graphite as the main solid
carbon component is suppressed in the calculation.
The resulting activity of graphite is given in ac jeast-
In contrast to ac i, and ac g, all reactive species in
the system are considered in the calculation of ac ;cast-
Details of the carbon activity and estimated oxygen
partial pressure (Pop metast) Calculations were described
in [21].

The quasi-isothermal exposure experiments were
stopped every 240 or 260 h by releasing the pressure
and cooling down the furnace simultaneously. The
furnace was purged with Ar before the samples were
removed. The accumulated coke was cleaned from the
samples by an ultrasonic ethanol bath and rinsing with
isopropanol. Subsequently, the specimens weighed
and then reinserted into the furnace. Generally, four
exposure segments were performed in each gas; how-
ever, in the most aggressive gas IV, massive coke for-
mation occurred and thus the test was terminated after
only two exposures which totaled 480 h.

After the final exposures, samples from each gas
were cut for analysis, with one section galvanically
plated with Ni for metallographic preparation. The
Ni-plated cross sections were prepared for analysis
of the oxide scale and cross sections without Ni plat-
ing were used for subsequent etching. All cross sec-
tions were ground with SiC paper down to P1200
grit and finally polished down to a 1 um surface
finish (using a diamond suspension). Electrolytic
etching was applied with 10% oxalic acid. Element
distribution maps were obtained with electron probe
microanalysis (EPMA, JEOL JXA-8100). For electron
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backscatter diffraction (EBSD, EDAX velocity), a
cross section was further prepared using OPU and
milling with an ion beam (Hitachi IM4000).

The morphologies and compositions of the oxide
scales were characterized using a scanning electron
microscope (SEM, Hitachi SU 5000) and a transmis-
sion electron microscope (TEM, FEI Titan Themis®
300). For the latter, lamellae were prepared from
samples exposed in gas II and IV. The regions of
interest were first protected with a Pt layer using
a focused ion beam instrument (FIB, FEI Helios
NanoLab 600i SEM). The selected lamellae were
mounted on Cu lift-out grids. For thinning with a
Ga' ion beam, the accelerating voltage was set to 30
kV and (beam) currents were reduced successively
from 3 nA to 80 pA. Finally, a Ga" ion cleaning pro-
cedure at a reduced accelerating voltage (2 kV and
78 pA) was conducted to remove the remaining FIB
damage. TEM micrographs were acquired with a
high-angle annular dark field (HAADF) detector
using Velox Thermofisher Software. To avoid over-
laps, energy-dispersive X-ray spectroscopy (EDS)
of the Ka-lines were preferentially used for the ele-
ment maps and quantitative point analysis in scan-
ning transmission electron microscopy (STEM-EDX)
mode.

Surface depth profiles through the oxide scales
were obtained with X-ray photoelectron spectros-
copy (XPS, PHI Quantera II) and Ar ion sputtering
(with 720 nm/min on SiO,). Monochromatic Al-Ka
radiation with a beam diameter of 200 um and a pass
energy of 26 eV was used. Quantification was based
on the signals Cr 2p, Fe 2p,),, Ni 2p;,, Al 25, Mn
2psp, Ti2p, Si2s, C1sand O 1s.

Raman-spectroscopy (Renishaw inVia Raman
Microscope) lasers with 532 nm and 633 nm wave-
lengths and a maximum power of 2 and 0.2 mW,
respectively, were used to characterize the surface
oxides. The obtained Raman spectra were analyzed
with Spectragryph [27].
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Figure 1 Specific mass loss of alloy 601 samples after exposure
at 620 °C and 18 bar in gases I to IV. Light microscope images
show samples after the last exposure (960 h for gases I and II,
980 h for gas III and 480 h for gas IV). For the samples exposed
in gas II, the metal dusting pits formed only at the side surfaces,
thus the side image is included only for gas II. Adapted with per-
mission from reference [21]. Copyright 2022, Elsevier B.V

Results

The specific mass changes and representative macro-
scopic images of the samples after the final exposures
are given in Fig. 1.

The most rapid mass loss was observed in gas IV,
where the samples showed massive coke formation
after only 480 h exposure. A similarly strong attack
after 980 h was observed in gas III. In gas II, a few pits
formed, but only on the side surfaces of the sample.
These were manually ground and thus have a slightly
different state of surface deformation than the machine
ground main surfaces. No attack was observed on
samples exposed in gas I after 960 h.

The etched light micrographs of the near-surface
zones of the samples after final exposure are displayed
in Fig. 2. The light microscope images of the etched
cross sections all show a bright layer or “white ribbon”
below the oxide scale.

Figure 2 Top row: light embedding resin
microscope (LOM) images of
etched cross sections of alloy
601 surface regions after
exposure in gas [ (960 h), gas
II (960 h), gas III (980 h) and
gas IV (480 h) at 620 °C and
18 bar. Adapted from [28]

oxide scale

t ey g -.4—.—.-”. -
(recrystallized zone
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The EBSD map in Fig. 3b, of a comparable area at a
significantly higher resolution, confirms these “white
ribbons” are recrystallized zones below the oxide
scale. Figure 3a shows element maps of the sample
exposed in gas II, these are representative for all 601
samples after the last exposure in the gases I to IV.

According to the element distribution maps, the
thin oxide scale on the samples is rich in Cr, Al and
Mn and the specimens were depleted in these ele-
ments below the oxide scales, accordingly. EPMA
point measurements indicated that the Cr contents in
the depleted zone were between 15 and 19 at.%, while
the bulk content was 26 at.% Cr.

Figure 4 displays representative BSE images of the
same oxide scales as in Fig. 3 for the different gases.
The outer oxide scales exhibited irregular morpholo-
gies and the thicknesses varied widely between 70 and
800 nm. Pores (dark) and metallic (bright) particles
were visible in the thicker regions of the oxide scales.
Most of the metallic particles were directly adjacent
to the initial metal surface, but some were distributed
further above the original sample surface in the oxide.
Internal oxidation was observed (darker regions below
the original surfaces, which are indicated by dotted
white lines) in all investigated cross sections.

To analyze the individual distribution of elements
in the oxide scales and adjacent alloy regions for every
metal dusting atmosphere, XPS depth profiles were
measured (Fig. 5).

Ar ion sputtering depth depends on the elemental
composition of the respective oxide phases and varies
widely over the oxide scales due to their complexity.
Combined with the uneven sample surfaces and the
sputtering beam being inclined to 45°, all of displayed
depth profiles are relatively flat and exhibit consider-
able elemental overlaps.

The XPS measurements show formation of an
outer Cr-rich and inner Al-rich oxide. In addition,
1.0-1.6 at.% Ti was detected in the outer part of the

e
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Figure 3 Cross sections of alloy 601 surface regions after expo-
sure in gas II at 620 °C and 18 bar for 960 h. a element maps
(EPMA) of O, Ni, Cr, Al, and Mn. b Color coded EBSD map

oxide (not shown for clarity). Si was enriched close
to the surface after exposure in gas I and IV (also not
shown for clarity). The maximum Al content of the
scale grown in gas IV was lower than in the other
gases. This gas IV sample was exposed for only 480
h (compared to nearly 1000 h for the others), so the
lower Al content can be attributed to the slow diffu-
sion of Al at the test temperature. Significant C enrich-
ment, with a maximum at the gas/oxide interface, was
noted for the samples exposed in gases III and IV.
Grabke et al. [29] reported a similar carbon profile in
the oxide scale formed on an AISI 304 steel after expo-
sure to a CO-H,—H,O mixture at 650 °C.

Raman spectroscopy was used to identify the
phases present in the complex oxide scales. The aver-
aged spectra for each gas exposure are compared in
Fig. 6.

Figure 4 BSE images of
601 cross sections, samples
exposed in gas I (960 h), gas
1T (960 h), gas 11T (980 h),
and gas IV (480 h) at 620 °C
and 18 bar. The dotted white
lines indicate the location of
the original sample surfaces.

After [28] metallic

gas Il
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(FCC). The image quality is overlayed, with darker regions repre-
senting a lower image quality. Adapted from [28]

The bands at 300, 350, 560 and 620 cm™ were
attributed to chromia [30] and the bands at 690
cm™ to Cr-Mn spinel [31]. However, identification
of the weaker bands at 530 cm™!, around 650 cm™
and the shoulder around 710 cm™! were not fully
clear. They could all be attributed to MnO,, with
the shoulder around 710 cm™ caused by V{, in MnO,
[32]. Alternatively, the band at 530 cm™ could be
assigned to chromia [30] and the band around 650
cm™! to a minor enrichment of chromia with Fe [33].
The shoulder at 710 cm™ could also have indicated
a partial substitution of Cr®* (75,5 pm diameter [34])
in the octahedral positions of the Cr-Mn spinel by
smaller cations [30, 32, 35], in this case most likely
to be AI®* (67,5 pm diameter [34]). However, this
was ruled out using the TEM-EDX measurements
(see below) which do not show Al in the outer

metallic particles metallic

particles

L
internal oxidation

etallic particles

internal oxidation
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Cr-Mn-spinel. No Si-oxides were detected with
Raman spectroscopy. These would cause Raman
bands at 460 cm™! for amorphous SiO, [36], at 420
cm™ for crystalline SiO, [37] and at 990 cm™ for Cr-
containing SiO, [38].

Some bands were omitted from Fig. 6 for clarity:
locally appearing bands of TiO, (450 cm™ and 610 cm™

[39]); weak, local bands of y-, 8- and a-Al,O; (increase
around 1100 cm™}; bands at 1170 em™}; bands at 1390
cm™ and 1410 cm™, respectively [40, 41]) and on all
samples the C- and G-bands of carbon (1350 and 1600

1142, 43]). In total, no shift of the bands or dif-
ferences in the bands’ intensity ratios were observed
when comparing the samples exposed in the different

@ Springer
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Figure 6 Raman spectra of
the surfaces of alloy 601 after
exposure in gas I (960 h), gas
II (960 h), gas 11T (980 h),
and gas IV (480 h) at 620 °C
and 18 bar. Each spectrum

is an average of at least five
measurements. Lasers with

] Mater Sci (2024) 59:1087-1103
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gases. Hence, the compositions of the oxides were
independent from the gas composition.

For a more detailed understanding of the micro-
structural features within the complex oxide scales,
representative regions were prepared for further
TEM investigations. Samples from gases II and IV
were selected for the TEM investigations, as the for-
mer showed the earliest pit formation, while the lat-
ter showed strong attack overall (Fig. 1). Figure 7
gives HAADF micrographs of the oxide scales and
TEM-EDX concentration profiles along the indicated
lines.

No structural differences were apparent between
the alloy 601 oxide scales after exposure in gas II and
IV. The elemental distributions were mostly compa-
rable. The EDX analyses showed that besides O, the
outward grown scales contained predominantly Cr
and some Mn. The Mn-rich parts contained 60 at.%
O, 24 at.% Cr, and 12 at.% Mn (Fig. 7d), which is close
to the expected composition of MnCr,0,. The BSE
micrographs indicated the formation of internal oxide
phases (dark-appearing) that formed locally. The con-
centration profile in Fig. 7d confirmed that these inter-
nal oxides were rich in Al. On top of the Al,O; layer, Si
enrichment was measured. The surface regions where
the internal oxides did not form (Fig. 7c) indicated the
same progression of a thin Si-rich oxide above the Al-
rich layer. In these areas, the initially formed Al was
still protective and considerably thinner. No depletion

@ Springer
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of Cr below 15 at.% was observed in the first hundred
nanometers below the oxide scale after 960 h of expo-
sure in gas Il and after 480 h in gas IV. Additionally,
the metallic particles (as described in Fig. 4) can be
seen in both the gas II and gas IV outer oxide scales.
The EDX measurements indicated primarily Ni enrich-
ment and to a lower extent Fe within these particles.
Less than 0.5 at.% Al and Si were detected within the
individual particles.

The distribution of C in the oxide scale was also of
interest to investigate with STEM-EDX and therefore
a second lamella of the oxide scale after exposure to
gas IV was prepared and analyzed. Figure 8 shows an
overview of the region of interest along with high-res-
olution micrographs from selected areas. To provide
further evidence of the highly localized enrichment
of C, the elemental distribution maps from the dis-
played region (Fig. 8a) are shown separately in Fig. 9.
Additional elemental distribution maps from the dis-
played sample regions in Fig. 7 are summarized in
Online Resource 1.

A considerable degree of porosity is evident in the
outer oxide layers. Interestingly, both C ingress and
metal particles, which exhibit a large distance from
the original alloy surface, coincide with these pores.
The microstructure of the C-containing oxide and an
adjacent region were investigated with higher detail
in Fig. 8¢, d. Figure 8c indicates lattice fringes that
appear curved. In smaller partitions, these fringes
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Figure 7 STEM HAADF micrographs of representative oxide
scale regions in alloy 601 after exposure for 960 h in gas II (a)
and 480 h in gas IV (b) at 620 °C and 18 bar. The displayed ele-
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mental profiles (c,d) were extracted from elemental distribution
maps. Stronger oxide forming elements were plotted separately

Figure 8 STEM micrographs of the oxide scale of alloy 601
after exposure for 480 h in gas IV at 620 °C and 18 bar. a Over-
view with C ingress labeled. b—d Detailed views of individual

are, to a certain degree, parallel. At higher magnifi-
cations, the distance between the individual fringes
(shown as an insert) was determined to be 3.79 A.
This spacing is in good accordance with the distance
between graphite (002) planes [44, 45]. A fast Fourier

sections. e Fast Fourier transform (FFT) of the bright field (BF)
atomically resolved micrograph in d with the Cr,O; lattice reflec-
tions (with the [0 O 1] zone axis) labeled

transform (FFT) of the bright field (BF) image of the
region in Fig. 8d with atomic resolution was calcu-
lated and compared with literature databases. The
lattice reflections corresponded to M,O; structures,
such as Cr,0;.

@ Springer
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outer oxide inner: outer oxide inneri outer oxide

inner

Figure 9 Elemental distribution maps in the surface region of alloy 601 after exposure for 480 h in gas IV at 620 °C and 18 bar (com-
pare to HAADF STEM micrograph in Fig. 8a). The dotted red lines next to the images indicate the location of the original surface

STEM-EDX maps indicating the distribution of the
relevant elements are summarized in Fig. 9.

Only highly localized C was observed in the outer
oxide layer. The significant C signal in the elemental
distribution maps must originate from the graphite-
like structure within the oxide scale. The distribu-
tion of Cr indicated that the outer oxide layer could
be separated into two parts. The first only contains
signal from O and Cr and the second also includes a
considerable contribution from Mn. Together with the
FFT information (Fig. 8e), Cr,0O; can be confirmed as
the dominant oxide phase closer to the original alloy
surface. As described above, the Mn-containing oxide
was identified as the MnCr,0, spinel phase. In the
image of the displayed oxide scale, on the left side
Cr,0; and MnCr,0O, are clearly separated by a crack
(see also Fig. 8a). In the right region, the demarcation
line between the two phases also appears to contain a
higher density of small pores.

A thin Al-rich layer developed directly below the
outer oxide layer; however, it is likely not continu-
ous due to the large amount of internal Al oxida-
tion. As described above, Si was adjacent to the thin
Al-containing oxide layer at the original sample
interface. The intensity of Si was even less homoge-
neously distributed in this region. Supporting the

@ Springer

results from the elemental profiles (Fig. 7 c¢,d), Ni,
Fe, and Cu were not present in the oxide. Ni and Fe
were present as the main content of the metallic par-
ticles. The signal of Cu was significantly lower and
appeared in coinciding regions with Ni and Fe. The
Ti map was not included since no significant intensi-
ties were measured.

The presence of the metallic particles in the outer
oxide scale were important to characterize in further
detail to determine their influence on the resistance
of the scale against carbon ingress and metal dust-
ing attack. For a more detailed understanding, the
compositions of 15 metallic particles were analyzed
from TEM lamellae (one from the sample exposed
in gas II and two from the samples exposed in gas
IV). The average compositions versus the distance
of the center of the particle to the SiO,-layer, as an
indication for the initial metallic surface, are shown
in Fig. 10.

The metallic particles contain less than 0.5 at.%
Al, which is significantly less than the alloy (2.5
at.%). Particles further away from the initial metal
surface show lower Cr content, while Ni is corre-
spondingly enriched. Fe is also generally enriched
in the particles.
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Figure 10 Compositions B gasll o gaslIV - bulk concentration
of the metallic particles in o Ni v Fe < Cr a Al x Si Mn o Ti
the oxide scale versus their 100.0
distance to the SiOy- layer, 90.0
on samples of alloy 601 after 80.0
exposure for 960 h in gas 70.0 1
II (filled symbols) and for 6004 7| _ I ! R
480 h gas IV (open symbols) 8 5007
at 620 °C and 18 bar. Dotted < 0.0
lines indicate the bulk com- % 300 e -
position of the alloy, as given g 2009 - % R %_%%i _____________ SRS A _i
in Table 1 § 129 | o9 = - -
° 30
32 PR PPN -
?;2 1.3 : : 3
.0
gg : :::::::g%:::::g%:%é:g::::::::::::%L:::::::::::::::::::::::::::::g::::g::::::::::::::%:
(Il 2IS 5I0 7I5 1 60 155 1%0 1'I75 260
distance from original surface/ nm
Discussion failure of the oxide scale occurs, allowing C ingress

In this study, the oxide scale formation during metal
dusting of alloy 601 was studied in four different
gas compositions. The differences in the gas compo-
sitions, and thereby the change in driving force for
carbon deposition, and the performance of other com-
mercial alloys in these conditions has been described
elsewhere [21]. No attack was observed in gas I, while
the aggressivity of the attack increased from gas II to
gas IV (Fig. 1). The aim of the present study was to
evaluate if and how the microstructure of the oxide
scale depends on the gas composition, and thus how

Figure 11 Schematic model
of the oxide scale formed
on alloy 601 after exposure

metal dusting atmosphere

under metal dusting condi-
tions at 620 °C and 18 bar.
The main difference in
microstructure of the oxide
scales formed in gas I to IV is
the amount and depth of the
carbon enrichment. Adapted
from [28]

recrystallized

depleted zone in 601

and eventual pit formation.

The proposed schematic model of the microstruc-
ture of the oxide scale is shown in Fig. 11, and the
connected failure mechanisms are outlined in the
following.

In contrast to the typically rougher surfaces in
application, the samples were all ground to P1200 grit
(SiC paper) to reduce the impact of surface roughness
and deformation. This simplifies the study of the more
fundamental mechanisms in the oxide scale formation
and failure. In both laboratory and industrial applica-
tions, a native oxide scale forms in ambient conditions

(Cr,Mn);0,

J/Oz-(dissolved)
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before exposure to gases at high temperatures. After
exposure, the metallic matrix below the oxide was
recrystallized (Fig. 3), most probably caused by the
residual stresses due to surface preparation prior to
exposure. The dislocations induced by grinding can
initiate recrystallization at 620 °C [46]. Another contri-
bution can come from the depletion of the oxide form-
ers, leading to nanoscale residual stresses (Fig. 3). At
these temperatures, diffusion through the bulk crystal
lattice is relatively slow and the oxide formers mainly
diffuse along short-circuit paths [47, 48].

On the left side of the schematic is an example of
the protected areas where below the outward grow-
ing chromia layer, Si was enriched (TEM-EDX maps
in Fig. 9). It is well known from similar materials that
Si-rich oxides form at the oxide/metal interface and
reduce the outward diffusion of Cr®* [49-53]. The Si-
rich phase (dark contrast) was more pronounced in
areas with a thin chromia layer (BSE images in Fig. 4
and (S)TEM HAADF micrographs in Fig. 7). This thin
duplex scale is an indication that the formed scale was
protective in these regions. In the Raman spectra, nei-
ther amorphous nor crystalline silica was detected. As
the thermodynamic stability of silica is between that of
alumina and chromia (Table 3), the Si-rich regions are
most likely silica despite the lack of definitive informa-
tion from Raman and XPS.

On the right side of the schematic in Fig. 11, the
second type of microstructure is outlined. Here, the
Si oxide layer is thinner and discontinuous, while the
outer chromia scale is significantly thicker. Grains of
Cr-Mn spinel formed in the outer scale, as demon-
strated by the XPS depth profiles (Fig. 5), the Raman
band at 690 cm™ (Fig. 6), and the TEM-EDX element

Table 3 Calculated pg, of

. ] o Oxides Po2 Gases
oxide dissociation [54-56]
and gas compositions at Fe,04 33x 107"
thermodynamic equilibrium NiO 2.5% 107
[26], all at 620 °C, ordered by 75%x 1023 1V
decreasing po, 1.8x 10 TII
40x 1072 1I
Fe,0,  35x102
8.6%x 107 1
FeO 7.0%x 1077
Cr,0, 2.0x 107
MnCr,0, 2.1 x 107
Sio, 2.0 x 107
AlL,O;, 1.5% 107
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maps (Fig. 9). The formation of Cr-Mn spinels on top
of chromia is often observed on commercial alloys
even though MnCr,0, is stable at lower p, than chro-
mia at 620 °C (Table 3). This effect is accounted for
by the low Mn concentration in the alloy, the low Mn
activity in the oxide [57, 58] as well as its fast diffusion
within the oxide scale.

The chromia/spinel ratio of the oxide scales was
consistent for all four tested gas mixtures (Raman
spectroscopy, Fig. 6). Contrary to this, Guo et al. [8]
showed an increased formation of chromia on 601 at
750 °C in 10 vol.% CO, 90% Ar compared to 20% CO,
25% H,, 15% CO,, 10% H,0O and 30% Ar. Thus, the
formation of spinel might be favored over chromia by
the presence of CO,, H,O and H,, which were all com-
ponents of the gas mixtures used in the current study.

Generally, the formation of a continuous, dense alu-
mina layer provides excellent protection against metal
dusting attack [59]. However, Fabas et al. [60] reported
a higher resistance of alloy 690, with no nominal Al
content, than alloy 693 with 3 wt.% Al in a metal dust-
ing environment at 570 °C. They held the absence of
alumina formation on 690 responsible for the better
performance. Similarly, Rouaix Vande-Put et al. [61]
argued that the failure of the chromia scale on 601
could be ascribed to internal oxidation of Al.

Additionally, internal oxidation may result in the
formation of metallic particles in the oxide scale. Two
mechanisms have been proposed in the literature: (1)
The volume increase during internal oxidation causes
compressive stresses on the metal matrix and (2) out-
ward diffusion of the metal ions occurs due to activity
gradients. For the first mechanism, the compressive
stresses can be partly released by vacancy diffusion
in the metal [62, 63]. This is analogous to Nabarro-
Herring creep [63]. In the presence of phase or grain
boundaries (from recrystallization or internal oxida-
tion), vacancy diffusion is faster along these paths
(Coble creep [63, 64]). As a result of metal vacancy dif-
fusion, metallic particles form in the oxide scale. Inter-
estingly, simultaneous tensile stresses are expected
beneath the oxide scale from Cr, Si, and Mn outward
diffusion. The zone depleted in these elements is
deeper (1-3 um) than the internal oxidation (around
0.2 um). Hence, both stress types may coexist in the
different layers of the metal. For the second mecha-
nism Schimmel et al. [65] proposed diffusion based
on the activity gradients of the unoxidized metallic
elements. The metal cations diffuse outwards accord-
ing to the activity gradient and thus metallic particles
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outside of the initial metal surface are formed. In the
investigated oxide scales, most of the metallic parti-
cles in the outer scale accumulated next to the original
sample surface, but a few particles were at a greater
distance within the oxide scale. TEM-EDX of the fur-
ther outward particles showed that they contained less
Cr than the particles located close to the oxide/metal
interface (Fig. 10). As the oxygen activity increases
toward the gas/oxide interface, Cr is oxidized, and
particles enriched in Ni and Fe remain.

According to the thermodynamic stability of the
oxides (Table 3), formation of FeO for all gas compo-
sitions and formation of Fe;O, for gases II, II and IV
should be possible. However, only one of the metallic
particles further from the original alloy surface was
depleted in Fe, indicating the oxidation of Fe. Thus, no
definite conclusions can be drawn about the oxidation
of Fe from the limited number of studied particles.

The microstructure of the oxide scale elucidates the
failure mechanisms. In comparison with the mecha-
nisms proposed in literature, the failure cause is not
due to a single reason, but is instead the collective
effect of several mechanisms:

Cracks: gas transport through the oxide In the ana-
lyzed samples, no cracks were observed (yet). How-
ever, the outer oxide contained significant porosity.
Gas ingress and subsequent carbon deposition on the
alloy is possible if open porosity is connected through-
out the entire scale. In that case, simultaneous oxida-
tion would also be expected. Even though the alloy at
the oxide/metal interface is slightly depleted in Cr, for-
mation of a chromia scale would still be possible from
the remaining Cr content of 15-19 at.%. Hence, further
carbon ingress should be hindered at the oxide/metal
interface unless additional depletion occurs after very
long exposure times.

Spinels: enhanced CO dissociation and/or carbon
diffusion The local formation of Mn-Cr spinel in the
oxide scale has been confirmed for alloy 601. A higher
carbon solubility has been attributed for this spinel
than for chromia [9] and thus this spinel formation
supports carbon transport through the scale.

Metallic Ni-rich particles: enhanced carbon diffu-
sion The presence of metallic particles in the oxide
scale has also been confirmed. Zeng et al. [16] pro-
posed that the metallic particles formed by the reduc-
tion of Ni- and Fe-rich spinels, however, this was not
observed in these environments for alloy 601. A new
mechanism is instead proposed: internal oxidation
of aluminum drives metallic particles into the oxide

scale through compressive stresses and/or activity gra-
dients. The particles initially maintain a similar com-
position as the metallic matrix, but during outward
transport of the particles to higher oxygen activities,
Cr is oxidized. As a result, Ni-rich metallic particles
remain.

Carbon enrichment along (oxide) grain bounda-
ries: enhanced carbon diffusion It is important to note
that the metallic particles mentioned here and formed
in the oxide scale have a different origin and role dur-
ing metal dusting failure than the metal nano-particles
present in the coke which forms after pit initiation [66].

The XPS depth profiles and Raman spectra showed
carbon enrichment in the oxide scales. Even though
carbon is present in the oxide, no complete and
fast diffusion paths through the scale were directly
observed, as no pits initiated in the analyzed regions.
Regions that were locally enriched with carbon sug-
gest it is present as graphite within Cr,O; (Fig. 8). This
‘graphitization’ of chromia might be an indication of
the later stage of metal dusting attack reached in gas
IV. The dissolution of C in the oxide scale cannot be
confirmed nor excluded from the results of the present
study. However, some indication can be inferred from
the more significant carbon accumulation in the oxide
scales formed in the more aggressive gases Il and IV
(Fig. 5).

In total, the combined interaction between inter-
connected porosity, metallic particles in the oxide,
enhanced carbon solubility in Cr-Mn spinels, and
carbon enrichment in the scale is proposed as the
mechanism for failure of the oxide scale. Carbon can
access the Ni-rich particles close to the gas/oxide-
surface via pores, cracks, oxide grain boundaries or a
spinel phase. Then, carbon can dissolve in the metal,
supersaturate and graphite formation can occur [43,
66]. Volume expansion from the graphite formation
then spalls off the oxide scale above the metallic par-
ticles. In the unfortunate case where several metallic
particles, spinel grains, C-rich grain boundaries and/or
pores are adjacent to each other, they can form a path
for carbon deeper into the scale and even potentially
to the metal substrate. In this way, pit formation can
be initiated.

The amounts of spinel formation, metallic particles
and porosity were apparently unaltered in the varying
gas compositions. These factors are clearly more deter-
mined by the alloy composition and sample proper-
ties, such as the surface deformation, which contribute
to diffusion and thus the oxide scale microstructure.
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Separately, the temperature, which also contributes
to the elemental diffusion rates, was not varied in this
particular study, but would have an influence on the
resulting oxide scale.

The last factor of the combined failure mechanism,
carbon enrichment, changes with the driving force of
the gas for carbon deposition. While there was some
indication of variation in the carbon deposition pro-
files as a function of the gas aggressivity, this is worthy
of further study in order to better clarify the degree
of influence the various factors have in the combined
mechanism.

This mechanism for the oxide scale failure also spe-
cifically confirms the fairly well established methods
for metal dusting attack mitigation. To minimize the
oxide scale failure followed by metal dusting pit initia-
tion, and thus metal dusting attack, the variables of the
gas composition (driving force for carbon deposition)
and/or the alloy composition and part preparation
(oxide scale formation with minimal defects) can be
adjusted and optimized.

Conclusion

The oxide scale microstructure and mechanism of
failure of alloy 601 under exposure in different metal
dusting gases was studied. A combination of four
microstructural features of the oxide scale form a com-
bined failure mechanism based on the high-resolution
and detailed characterization.

Three of the four features are determined by the
alloy composition and part preparation:

e Cracks: gas transport through the oxide

¢ Spinels: enhanced CO dissociation and/or carbon
diffusion

e Metallic Ni-rich particles: enhanced carbon diffu-
sion

Only one of the microstructural features is strongly
influenced by the gas composition:

¢ Carbon enrichment along (oxide) grain boundaries:
enhanced carbon diffusion

This combined failure mechanism gives a more
complete picture of the means for carbon penetration
of the oxide scale in a metal dusting environment and
therefore metal dusting pit initiation. With this, the
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established methods for metal dusting attack miti-
gation are confirmed (reducing the driving force for
carbon deposition by modifying the gas composition,
choosing a higher alloyed material or optimizing the
part preparation).
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