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Electron microscopy study of the formation mechanism of catalytic nickel-rich particles and the
role of carbonyl sulphide in the suppression of carbon deposition on 20Cr-25Ni steel
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Abstract: Austenitic stainless steel is used as fuel cladding in advanced gas-cooled nuclear reactors
(AGR). At elevated temperatures, when the steel is exposed to CO2 based environments filamentary
carbon deposits form on the surface of the steel. This filamentary carbon deposition is known to be
catalysed by metallic nickel-rich particles. Adding trace amount of carbonyl sulphide (COS) into the
gas mixtures suppresses the carbon deposition. In this current work, it has been shown that at 600 °C,
the formation of filamentary carbon was suppressed by the addition of 215 ppb COS to a depositing
gas mixture (containing approximately 1000 vppm C2H4 / 1% CO / bal. CO2) which was known to
provide the environment suitable for carbon deposition. Samples exposed to the gas mixtures with and
without 215 ppb COS were characterised using electron microscopy techniques to understand the
formation mechanism of the nickel-rich particles and the inhibition mechanism due to the addition of
COS. Electron diffraction study shows that the nickel-rich particles in the oxide layers assume the
same crystallography as that of the austenitic metal underneath, regardless of the COS addition. The
current observations also show that the metal-oxide interfaces was nickel-rich and a simple model has
been proposed to explain the formation of nickel-rich particles within the subsurface oxide.
Furthermore, it was found that when COS was added the surface of the nickel-rich particles in the
oxide layer was found to be sulphur-rich by energy dispersive spectroscopy (EDS) on a scanning
transmission electron microscope (STEM). It is believed that the surface sulphur adsorption onto the
nickel-rich particles, rather than bulk sulphide formation, resulted in the inhibition of carbon
deformation on the steel.

AC

KEYWORDS: Carbon deposition; Catalyst Poisoning; Sulphur Adsorption; STEM-EDS; Electron
Diffraction.
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1. Introduction
Austenitic steel has been used for many high-temperature applications which require good heat
conductivity and mechanical stability. For instance, austenitic steel containing about 20 wt.%
chromium and 25 wt.% nickel (20Cr-25Ni) has been used as the fuel cladding in Advanced Gascooled Reactors (AGR) which use CO/CO2 as a coolant. The deposition of carbon on the surface of
the 20Cr-25Ni steel occurs at its operating temperatures in the reactor [1]. The excessive

PT

accumulation of such carbon deposits impairs the heat transfer efficiency [2]. Hence, it is of both

RI

technological and economic interest to inhibit the carbon deposition on the cladding steel. When
exposed to a gas mixture with carbon activity greater than unity at 550°C, it has been shown that the

SC

deposited carbon filaments on 20Cr-25Ni steel were catalysed by metallic nickel particles [3]. Since

NU

there was no other external nickel source in the experiment, it was postulated that the nickel particles
that catalysed the carbon deposition originated from the 20Cr-25Ni steel. It has also been reported that

MA

catalytic austenitic [4] and nickel particles [5], identified within coke, were formed by metal
disintegration during the metal dusting phenomena. However these observations reported [4-5] were
mainly on highly reducing gaseous environment unlike in the current work where oxidation of alloy

PT
E

D

leads to the formation of the nickel-rich particles, as reported earlier [3, 6]. These nickel-rich particles
will be carefully characterise to understand their formation mechanism.
One way to suppress the carbon deposition on the cladding steel is to form a physical barrier such as

CE

the protective chromia [3] and/or silica layers [3, 7] or to increase the oxygen potential of the system

AC

such that the oxidation of nickel is favourable [6]. Due to practical reasons, the most extensively
studied method to inhibit the carbon deposition, however, is to alter the chemistry of the catalyst by
introducing sulphur-containing compound [8, 9, 10, 11, 12]. Recently, the effect of carbonyl sulphide
(COS) on carbon deposition was studied over the temperature range 500-725°C [13]. It was shown
that the concentration of COS necessary to inhibit carbon deposition process increases with
temperature. Two possible mechanisms [14] have been proposed on the role of sulphur in deactivating
nickel particles, namely bulk sulphiding and surface poisoning by sulphur adsorption. No
experimental evidence supporting either mechanism has been obtained previously [14]. The previous
study relied on characterisation techniques such as scanning electron microscopy (SEM) which
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however was not able to analyse the chemical information of the individual nickel particles due to
their small sizes. Using a combination of focused ion beam (FIB) sample preparation and detailed
transmission electron microscopy characterisation, this project aims to study the formation
mechanism of the catalytic nickel-rich particles and to improve the understanding of the inhibiting

PT

role of carbonyl sulphide (COS) on the carbon deposition on 20Cr-25Ni steel.

2. Experimental Procedure

RI

The steel used in this work was a cold-rolled strip with a thickness of 0.4 mm and the composition

SC

given in Table 1. Samples with dimensions of approximately 10 mm x 20 mm x 0.4 mm were ground
down to 0.3 mm thickness using wet silicon carbide paper progressively from 240 to 1200 grit,

NU

followed by successive mechanical polishing with 6 µm and 1 µm diamond paste and final finishing
using colloidal silica of 0.04 µm. The samples were wrapped in tantalum foil and annealed at 930 °C

MA

in Ar gas containing 5% H2 for 30 min to achieve a uniform final grain size of approximately 13 µm.
Along with these rectangular samples, discs 3 mm diameter were also prepared for TEM observations.

D

The discs were annealed following the same condition as described above and then twin-jet electro-

PT
E

polished in an electrolyte containing 10% perchloric acid and 90% ethanol at -5°C to -20°C and 12 V.
The polished discs were thoroughly cleaned with ethanol and were later used for carbon deposition

CE

and then TEM observations.

As illustrated in Figure 1, the test rig system used for this study consisted of two horizontal tube

AC

furnaces connected in series and connected with two gas bottles, one was an inert gas containing 5%
hydrogen in argon and the other was a bottle containing the deposition gas mixture. The specimens
were placed in an alumina boat and transferred to the central region of the treatment furnace. Clean
titanium foil was placed in the pre-treatment furnace, used here as an oxygen getter. The inert gas was
used to purge through the rig for 2 hours. The pre-treatment furnace was heated up to 700 °C at 20 °C
per minute and maintained at this temperature for 20 minutes. While maintaining the inert gas flow,
the treatment furnace was heated up at 20°C per minute to 600 °C and maintained for 30 minutes. The
Ar gas (containing 5% H2) flow was stopped and the selected deposition gas mixture bottle was
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switched on. After 4 hours deposition experiment, the treatment furnace was switched off and the gas
supply was switched back to the inert gas. Two hours later the pre-treatment furnace was also
switched off, and the rig was allowed to cool overnight to room temperature under the flowing inert
gas. The sample was then removed from the furnace for analysis. During the experiment, the inert gas
flow rate was maintained at 0.5 L/min and the deposition gas at 1 L/min. The test was conducted at

PT

atmospheric pressure.

RI

Pre-mixed gas bottles were supplied by BOC with the certified composition shown in Table 2. The
high carbon activity (ac > 1) needed for carbon deposition arises from the dissociation of ethene

SC

(C2H4) and it is expected to be in the range of 102 < ac < 107 [3, 6]. The oxygen activity is controlled
by the ratio of CO/CO2 and is estimated to be approximately 10-23 at 600 oC in both gas mixtures. At

NU

this oxygen activity, both iron and chromium are expected to be oxidised but not nickel [3, 6].

MA

In order to analyse the details of the nickel-rich particles embedded in the oxide layers, thin foils were
prepared from the bulk sample using an FEI Quanta 3D FEG FIB/SEM. Composition maps were

D

acquired from the surface and the cross-sectional samples on a TESCAN MIRA 3 SEM associated

PT
E

with an X-max SDD detector and a TALOS F200X STEM associated with a Super-X EDS system
which is characterised by its four windowless silicon drift detectors with the total detection area of
120 mm2 and solid angle of 0.9 str. TEM imaging and nano-beam electron diffraction (NBED)

CE

analysis of individual particles were carried out using a JEOL-2100 TEM. Both Talos F200X and

3. Results

AC

JEOL-2100 were operated at 200 kV.

3.1. Sulphur-free carbon deposition
Figure 2a shows the typical surface structure of the sample following the test in the sulphur-free gas
mixture. The surface was covered with carbon deposits which were filamentary in nature as seen in
the inset. The distribution of carbon and iron on the surface of the sample is shown by the EDS
elemental maps in Figures 2b and 2c. It clearly demonstrates that the deposition was concentrated at
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the grain centres. In Figure 2, the grain boundaries were outlines by the yellow dashed lines. This
lower carbon deposition at grain boundaries (g.b.) was probably provided by the protective chromia
layer [3, 13], which preferentially forms at grain boundaries [15] during the early stage of oxidation,
due to the fast diffusion of chromium via these paths to the surface of the alloy. Adjacent to the grain
boundaries, long and continuous particles of a few micrometers in size were observed. EDS analysis

PT

showed that these particles were iron-rich (Figure 2c). Although the formation of metallic Fe particles
under 1% CO/CO2 is thermodynamically unfavourable [3], it is possible that the iron-rich particles

SC

argon. Further studies will be needed to clarify this though.

RI

were formed via a reduction reaction occurring during the cooling stage under the 5% hydrogen in

At high magnification, it was observed that the carbon filaments consisted of a bright particle at their

NU

tips (Figure 2a, inset). The nature of the particle was studied using TEM. Figures 3a and 3b show

MA

carbon filaments projecting from the edge of a 3 mm diameter TEM disc exposed in the sulphur-free
deposition gas mixture for 4 hours at 600 °C. The high angle annular dark field (HAADF) image and
the EDS maps obtained (Figures 3(b-e)) showed that the particles were composed of nickel and iron

PT
E

D

and connected to the sample edge by thin carbon filaments.
The size and composition of these particles were measured. As shown in Figure 3f the particle sizes
ranged from 5 to 120 nm with an average of 58 nm. EDS spectra were collected only from those

CE

particles located at the tip of filaments projecting from the edge of the sample, in order to minimise
the effect of the bulk alloy. The chemical composition determination was based on the assumption

AC

that the particles of 50 nm thick were involved without the accurate measurement of sample
thicknesses in each measurement. It has been noticed that while the thickness of the particle varied
from 10 nm to 150 nm in the calculation, the nickel concentration measured varies within 0.1 at%.
Therefore assuming the thickness of 50 nm is not expected to have a significant impact on the results
obtained. Each spectrum was recorded for a 20 seconds dwell time which typically collected over
200,000 counts of X-ray photons. Figure 3g shows that the nickel-iron ratios measured from most
particles are larger than 4 (in the range of 2.9 to 11.2, with an average of 5). This result agrees well
with the work of Park and Baker [16] who investigated the decomposition of ethylene over nickel-iron
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bimetallic particle to produce methane, ethane and solid carbon (identified as filamentous in nature).
They observed that the conversion of ethylene over nickel-iron particles with nickel content of 70% or
less is extremely low. However, there was a dramatic increase in the conversion of ethylene into solid
carbon when nickel concentration was greater than 75%.
Figure 4a shows a nickel-rich particle on the same sample. The electron diffraction patterns obtained

PT

(as shown for example in Figure 4b) is consistent with the face-centred cubic (FCC) structure with the

RI

lattice parameter of about 3.6 Å. The high-resolution image in Figure 4c shows the turbostratic
structure of the carbon encapsulating a nickel-rich particle. The lattice fringes of the particle are

SC

clearly visible. The measured fringe spacing was approximately 0.2 nm, close to {111} inter-planar

NU

spacing of FCC nickel. These observations are consistent with a previous study [3].
3.2. Effect of 215 ppb COS on carbon deposition

MA

After the exposure in the gas mixture containing 215 ppb COS, no carbon filaments were observed on
the sample using an SEM. Figure 5a is an SEM micrograph showing the surface of the sample after

D

the test. The EDS map of carbon (Figure 5b) shows only a very small amount of carbon present on the

PT
E

surface. The grain centres were decorated with light contrast particles which were found to be nickeland iron-rich (Figure 5c). Some of these particles were held together into clusters by non-filamentary
carbon (marked as NFC in the image), consistent with the elemental carbon map. Larger micrometre-

CE

sized iron-rich particles, as described earlier, were also present. Figure 5d shows the carbon X-ray
peaks collected from the sample exposed in the sulphur-free gas mixture and that in the mixture

AC

containing 215 ppb COS, under otherwise identical conditions. As an estimate based on the area under
the peak, the amount of carbon on the sample treated in the COS-containing gas mixture is less than
half of that treated in the sulphur-free gas mixture. In other words, 215 ppb COS has significantly
reduced the carbon deposition.
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3.3. STEM analysis
3.3.1 Sample treated in the sulphur-free gas mixture
To understand the formation mechanism of nickel-rich particles, FIB was used to extract thin foils
from the samples treated in the sulphur-free gas mixture. Figures 6a is an HAADF image showing the
typical cross-sectional view of the sample. The region within the rectangular box ‘b’ was further

PT

studied and the chemical composition mapped in Figures 6(b-f). As shown in Figure 6b, the oxide
formed above the grain boundary (g.b.) was obviously thinner (of ~100 nm) than that formed over the

RI

grain interior (of ~400 nm in Figure 6g). The EDS maps (Figures 6d and 6e) clearly demonstrate that

SC

the oxide is a chromium oxide. Above this oxide layer, particles of irregular shape can be observed.
The iron and oxygen maps showed that iron oxides were encapsulated by elemental iron forming a

NU

core-shell type configuration (see Figures 6c and 6e).

MA

Region ‘‘g’ in Figure 6a was studied and chemically mapped in Figures 6(g-k). Features of bright
contrast can be observed in the oxide (Figure 6g) and are shown to be nickel-rich (Figure 6k) with
some iron (Figure 6h). The gaps in the oxygen (and chromium) map corresponding to these nickel-

D

rich features suggesting that these are not oxides. The composition of these nickel-rich features is

PT
E

characteristic of the particle located at the tip of the filament.
3.3.2. Sample treated in the gas mixture containing 215 ppb COS

CE

Figure 7a is a STEM HAADF image showing the cross-section of the grain centre in a sample treated

AC

in the COS-containing gas mixture for 4 hours at 600 °C. The elemental maps (Figures 7c, 7d and 7f)
show that an iron-chromium-rich oxide layer of about 100~200 nm thick has formed. Nickel-rich
particles were observed (Figure 7e). The nickel-rich particles within the oxide layer are elongated
parallel to the metal/oxide interface of typically 20~30 nm thick and can be of ~200 nm long and
those above the oxide layer are of irregular shapes of about 50 nm in size.
The chemical information of the nickel-rich particles within the oxide layer was analysed. Figure 8a
shows a STEM HAADF image obtained from the sample treated in the COS-containing gas mixture
for 4 hours at 600 °C. EDS point analysis of the particle and the surrounding oxide was performed
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and the results are shown in Figures 8b and 8c. A small but noticeable sulphur peak exists on the
spectrum obtained from the nickel-rich particle (Figure 8b) not on that obtained from the surrounding
oxide (Figure 8c).
The EDS elemental maps in Figures 8e and 8f clearly demonstrated that both nickel and sulphur are
concentrated on the particle rather than in the oxide. An EDS linescan across the particle is shown in

PT

Figures 8g and 8h for nickel and sulphur respectively. The nickel X-ray signal peaks at the centre of

RI

the particle, presumably due to the larger thickness of the particle there. It should be noted that the
sulphur X-ray signal shows two peaks coincident with the edge of the particle, suggesting that sulphur

SC

is not homogeneously distributed within the particle but probably concentrated on the surface of the

NU

nickel-rich particle.
3.4. Diffraction analysis

MA

Figure 9a shows a TEM bright field image of a nickel-rich particle of about 50 nm in diameter within
the oxide layer of the sample exposed to the COS-containing gas mixture for 4 hours at 600 °C. The

D

electron diffraction patterns obtained from the steel matrix and the particle are shown in Figures 9b

PT
E

and c, respectively. Identical diffraction patterns were acquired from both the steel matrix and the
particle. After series tilting experiments, the nickel-rich particle was found to assume the FCC
structure and also to have the same crystal orientation as the steel matrix. The diffraction patterns

CE

(Figure 10) obtained from a nickel-rich particle and the steel matrix in the sample exposed in the
sulphur-free gas mixture for 4 hours also show the same relationship. Figure 11a is a TEM image

AC

showing the oxide layer in the sample exposed to the COS-containing gas mixture. The diffraction
pattern (Figure 11b) obtained from the grain encircled in pink dashed curves confirmed that the oxide
is the FCC structured FeCr2O4 spinel (chromite).
3.5. Oxide-metal interface
It is well documented [17, 18, 19, 20, 21] that the oxidation of chromium results in the depletion of
chromium in the immediate vicinity of the metal/oxide interface. As shown in Figure 12, the
chromium depletion is coincident with the nickel enrichment at the metal-oxide interface.
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At a further distance from the steel matrix, the oxide is composed of alternating layers containing
varying amounts of nickel and chromium. Peaks in nickel showed a corresponding decrease in
oxygen. Iron was also present within the oxide but at a more uniform distribution.
Similar nickel enrichment at the oxide-metal interface was also observed in the sample treated in the
COS-containing gas mixture, as shown in Figure 13. Figure 13 also shows that a small amount of

PT

sulphur was present at the oxide-metal interface. It should be noted that this interfacial sulphur

RI

enrichment was only observed at the interface where nickel-enrichment occurred, but not in the oxide

SC

nor the steel matrix. No sulphur was observed in the COS-free sample, as expected.

4.1. Nickel-rich particle formation mechanism

NU

4. Discussion

MA

Millward et al [3, 6] observed nickel particle associated with carbon filaments during the oxidation of
this steel and based on the fact that the only source of nickel is the steel itself, they suggested that the

D

catalytic nickel nano-particles originated from the alloy during the oxidation process. Under the gas

PT
E

conditions used [3], the oxygen partial pressure was controlled by the CO2/CO ratio such that nickel
was the only alloying element that was thermodynamically stable as a metal with the other alloying

CE

elements form oxides.

The results obtained from the current study have confirmed that nickel enriched at the metal-oxide

AC

interface where chromium and iron were preferentially oxidised to form chromite. As shown
schematically in Figure 14a, as oxidation proceeds, the nickel-enriched regions break up into
individual particles and are left in the oxide as the internal oxidation front (oxide-metal interface)
moves inward (Figures 14b and 14c). This is consistent with the observation that nickel-rich particles
in the oxide sometimes are elongated and parallel to the metal/oxide interface (see for example Figure
7e). During this process, it would be expected that the nickel-rich particles formed maintain the
crystallography orientation as that of the metal matrix due to the fact that both are of FCC structure
with similar lattice parameters. This was indeed confirmed by the electron diffraction patterns taken
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from samples treated in both the COS-free and the COS-containing gases (Figures 9 and 10). In the
current work, it seems that the orientation of these nickel-rich particles had not been altered during
further oxidation. However, it was noticed that wherever the carbon filaments have been observed, the
nickel-rich particles attached have very different orientations with the steel matrix likely due to the
attached carbon filaments.

PT

It has been found that, close to grain boundaries, the chromium oxide layer is thin (~100 nm in Figure

RI

6 for example). This is probably due to the fast diffusion along grain boundaries, chromium oxide
(chromia) formed at the early stage of the oxidation was dense and slowed down the further oxidation,

SC

thus, preventing the formation of nickel enriched region. While away from the grain boundaries, the

NU

oxide layer was much thicker and it is FeCr2O4 (chromite).

In the current study, the thickness of the oxide (chromite) formed in the COS-free gas mixture was

MA

approximately 300 ~ 500 nm while that formed in the COS-containing gas mixture of about 100 ~ 200
nm. In other words, the oxidation kinetics in the COS-containing gas is slower. Although the role of

D

sulphur on the oxidation kinetics has not been systematically studied, literature [22, 23] suggested that

PT
E

sulphur has an effect on the initial oxide nucleation. It was suggested that the initial oxidation requires
adsorption of an oxygen molecule onto the metal surface, followed by the nucleation of oxide.
However, when an alloy is exposed to a sulphur containing gas (such as COS in this case), it is

CE

probably that sulphur has a stronger affinity to the metal and adsorbs preferentially onto the surface of
the alloy. To initiate the oxide formation, sulphur must first be replaced by oxygen. As a result of the

AC

competing surface adsorption, the initial oxidation process is slowed in the presence of sulphur.
4.2. Inhibition mechanism (the distribution of sulphur in the alloy)
In the present work, the filamentary carbon deposition on the sample treated in the sulphur-free gas
mixture was shown to be catalysed by nickel-rich particles. Adding 215 ppb of COS to the gas
mixture effectively suppressed the carbon deposition. Although nickel-rich particles were also formed
during the oxidation in the COS-containing gas mixture, it seems that these particles are no longer
catalytic. It was postulated [14] that there are two possible ways by which catalysts can be
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deactivated, viz. by converting metallic nickel-rich particles to sulphide or by the surface poisoning of
nickel-rich particles.
According to the literature [24, 25], the thermodynamically most stable form of nickel sulphide is
Ni3S2 which assumes a rhombohedral crystal structure [26]. In this study, the diffraction analysis
suggests that the sulphur concentrated at the surface of the nickel-rich particles. The nickel-rich

PT

particles assume an FCC structure with the lattice parameter of about 0.36 nm, i.e., consistent with

RI

that of metallic nickel, but not Ni3S2. A thermodynamic calculation showed that about 680 ppb of
COS is required to form Ni3S2 in equilibrium with 1 % CO at 600°C [27]. In other words, a much

SC

higher COS concentration than used in the present tests would be required for Ni3S2 to be stable

NU

thermodynamically.

Ni3S4 is the only nickel sulphide binary phase assuming the FCC structure [28] however with a lattice

MA

parameter of 0.9457 nm [29], much larger than the 0.36 nm determined from the nickel-rich particles
formed in this study. Therefore, it can be concluded that these nickel-rich particles studied in the

D

current work are not nickel sulphide but metallic nickel-rich particles.

PT
E

In the sample exposed in the COS-containing gas mixture, sulphur was observed on the surface of
nickel-rich particles and also associated with the nickel-enriched region at the metal/oxide interface.

CE

Using a Langmuir-Hinshelwood approach, McGurk [27] calculated that at 600 °C, a COS content of
160 ppb in the gas mixture would be sufficient to cover 80% of the surface of nickel-rich particles

AC

with sulphur. The 215 ppb of COS used in the present work is thus sufficient to cover the vast
majority of the surface of the nickel-rich particles. The observation of sulphur adsorption to the
surface of nickel-rich particles is consistent with a number of previous studies [30, 31, 32, 33]. In
particular, Bartholomew and Katzer [31] reviewed several studies on the poisoning of nickel catalysts
by H2S in CO hydrogenation and concluded that the formation of surface nickel-sulphur bonds was
significantly more favourable than the formation of bulk nickel-sulphur bonds.

11
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5. Conclusions
Exposure to the gas mixture of about 1000 ppm C2H4/ 1% CO/ Bal. CO2 at 600°C resulted in
filamentary carbon deposition on the surface of a 20Cr-25Ni stainless steel. The carbon filaments
were associated with metallic nickel-rich particles, consistent with literature reports that the carbon
deposition was catalysed by these particles. Inhibition of this filamentary carbon deposition was

RI

drawn from the electron microscopy studies performed in this work:

PT

achieved by adding 215 ppb of COS to the gas mixture. The following concluding remarks can be

1. Nickel-rich metallic particles existed in the samples treated in both COS-free and COS-

SC

containing gas mixtures. Electron diffraction experiments confirmed that these nickel-rich
particles assumed the same FCC crystal structure and orientation as the steel matrix and the

NU

lattice parameter was about 0.36 nm similar to that of the steel matrix. Nickel enrichment at

MA

the metal-oxide interface has also been observed. Under the current experiment conditions,
both iron and chromium oxidised, leaving nickel enriched at the metal-oxide interface which
became detached from the steel matrix with further oxidation. Therefore, these nickel-rich

D

particles maintained the same crystal structure and orientation as that of the underneath steel

PT
E

matrix.

2. STEM-EDS results confirmed that sulphur concentrates on the surface of the nickel-rich

CE

particles and also at nickel-enriched regions at the metal-oxide interface. However, no
existence of nickel sulphide has been observed. As such surface adsorption of sulphur can be

AC

regarded as the reason for the observed suppression of carbon deposition when treated in the
COS-containing gas mixture.
3. In the current work, the oxide layer formed was thinner when COS was added than that
without COS. This might be caused by the slowed oxide nucleation or the slowed diffusion
across the metal-oxide interface when sulphur enriches, due to the strong nickel-sulphur
affinity. Further work will be needed to clarify this.
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Table 1: Alloy Composition, wt.%.
Cr

Ni

Mn

Nb

Fe

0.051

Bal.

SC

RI

PT

19.0 26.5 0.67 0.6

C

C2H4

mixture

ppm

1

1045

2

1048

CO

COS

%

ppb

CO2

0.96

-

bal.

0.99

215

bal.

AC

CE

PT
E

D

MA

Gas

NU

Table 2: Composition of the deposition gas as supplied by BOC.
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List of Figures
Figure 1: Schematic drawing showing the deposition test rig set-up.
Figure 2: (a) SEM image showing the surface of sample following the 4 hours exposure at 600 °C to
the sulphur-free deposition gas mixture. The insert shows a high magnification SEM image of
individual carbon filaments. The corresponding EDS elemental map of carbon and iron are shown in
Figure 2(b) and Figure 2(c) respectively. Yellow dashed lines outline the grain boundary.

PT

Figure 3: TEM bright field (a) and STEM-HAADF (b) images showing bright small particles are
attached to the carbon filaments at the edge of the sample tested in the sulphur-free gas for 4 hours at
600 °C. The particles can be seen at the tip of each filament. Elemental maps of carbon (c), nickel (d)

RI

and iron (e) from the same region as in (b). (f) The size distribution and (g) nickel-iron ratio of the

SC

particles located at the tip of the filaments.

Figure 4:(a) TEM image of a nickel-rich particle obtained from a sample exposed in the sulphur-free

NU

gas mixture for 4 hours at 600 °C. Electron diffraction pattern obtained from the particle (b) is
consistent with the FCC structure. A high resolution image (c) showing the turbostratic carbon
surrounding a nickel rich particle with lattice spacing close to the {111} inter-planar spacing of

MA

nickel.

Figure 5: (a) SEM image showing the surface of the sample following the 4 hours exposure to the

D

deposition gas with 215 ppb COS at 600 °C. (b) Elemental carbon map corresponding to (a). (c)

PT
E

Higher magnification SEM image showing the surface covered with scattered nickel- and iron-rich
white particles and carbon deposit that glued some nickel-iron rich particles into agglomeration
(identified as NFC). (d) EDS carbon X-ray spectra collected from a surface area of 44 µm by 58 µm
on both samples under identical electron microscope settings. The total carbon X-ray counts collected

CE

from the sulphur-free and COS-containing samples are 71k and 26k, respectively. Clearly, the
addition of 215 ppb COS into the gas mixture has resulted in the significant suppression of carbon

AC

deposition.

Figure 6: (a) STEM image of a cross-section through the surface of a sample exposed to a sulphurfree deposition gas mixture. Region b (within the blue rectangle) and Region g (within the red
rectangle) were mapped and presented in Figures (b-f) and Figures (g-k), respectively. (b) A higher
magnification STEM image of the region in the blue box region b. The elemental maps of (c) iron, (d)
chromium (e) oxygen and (f) nickel corresponding to (b). (g) STEM image of a cross-section across
the grain boundary, shown in the red box in (a). The elemental maps of (h) iron, (i) chromium (j)
oxygen and (k) nickel corresponding to (g). EDS maps show the presence of nickel-rich features
within the (iron, chromium) oxide layer.
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Figure 7: (a) STEM HAADF image showing the cross-section of a sample exposed to the COScontaining gas mixture. (b) A higher magnification STEM image of region ‘b’ shown in the red box in
(a) and the corresponding EDS elemental maps of iron (c), chromium (d), nickel (e) and oxygen (f).
Figure 8: Qualitative EDS analysis of a nickel-rich particle within the oxide layer in the sample that
was exposed to the COS-containing gas. (a) STEM image of the particle within the oxide layer. Point
EDS confirmed the presence of (b) sulphur in the particle, but not in the oxide (c) where the signal is
at the background level. (d) Magnified image of the particle seen in (a). Elemental maps showing the

PT

distribution of (e) Ni and (f) S across the particle. (g) Ni and S line-profile across the particle shows
that the sulphur is concentrated around the edge of the particle. This implies that sulphur is present on

RI

the surface of the nickel-rich particle.

SC

Figure 9: (a) TEM-BF image of a nickel-rich particle and the electron diffraction patterns obtained
from (b) the alloy and (c) the nickel-rich feature for the sample exposed to COS-containing gas. It

particle was positioned by the white circle in (a).

NU

shows that the nickel-rich feature has the same crystal orientation and FCC structure as the alloy. The

MA

Figure 10: (a) TEM-BF image of nickel-rich features and the electron diffraction patterns obtained
from (b) the alloy and (c) the nickel-rich feature (in black contrast) for the sample exposed to the
COS-free gas mixture. It shows that the nickel-rich feature has the same orientation and FCC structure

D

as the alloy.

PT
E

Figure 11: (a) A cross-sectional STEM-BF image obtained from a sample exposed to the COScontaining gas mixture. The diffraction pattern (b) taken from the oxide grain in dark contrast
(highlighted in pink) is consistent with that of the FCC structured chromite.

CE

Figure 12: (a) and (b) A cross-sectional STEM image of the sample exposed to sulphur-free gas
mixtures. The concentration profiles of (c) O, (d) Cr, (e) Fe and (f) Ni across the oxide-metal

AC

interface.

Figure 13: (a) STEM image showing the cross-section of the sample exposed to COS-containing gas
mixture. The concentration profiles obtained from the linescan across the oxide-metal interface
following the yellow line in (a) are shown in (b) Cr, (c) Ni, (d) Fe (e) S and (f) O.
Figure 14. Schematic diagrams of the mechanism leading to the formation of the nickel-rich particles
within the oxide at the grain centres.
Data Availability
The raw/processed data required to reproduce these findings cannot be shared at this time due to legal
or ethical reasons.
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Figure 1: Schematic drawing showing the deposition test rig set-up.
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Figure 2: (a) SEM image showing the surface of sample following the 4 hours exposure at 600 °C to

PT
E

the sulphur-free deposition gas mixture. The insert shows a high magnification SEM image of
individual carbon filaments. The corresponding EDS elemental map of carbon and iron are shown in

AC

CE

Figure 2(b) and Figure 2(c) respectively. Yellow dashed lines outline the grain boundary.
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CE

Figure 3: TEM bright field (a) and STEM-HAADF (b) images showing bright small particles are
attached to the carbon filaments at the edge of the sample tested in the sulphur-free gas for 4 hours at
600 °C. The particles can be seen at the tip of each filament. Elemental maps of carbon (c), nickel (d)

AC

and iron (e) from the same region as in (b). (f) The size distribution and (g) nickel-iron ratio of the
particles located at the tip of the filaments.
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Figure 4:(a) TEM image of a nickel-rich particle obtained from a sample exposed in the sulphur-free
gas mixture for 4 hours at 600 °C. Electron diffraction pattern obtained from the particle (b) is

D

consistent with the FCC structure. A high resolution image (c) showing the turbostratic carbon
surrounding a nickel rich particle with lattice spacing close to the {111} inter-planar spacing of
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nickel.
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Figure 5: (a) SEM image showing the surface of the sample following the 4 hours exposure to the

PT
E

deposition gas with 215 ppb COS at 600 °C. (b) Elemental carbon map corresponding to (a). (c)
Higher magnification SEM image showing the surface covered with scattered nickel- and iron-rich
white particles and carbon deposit that glued some nickel-iron rich particles into agglomeration
(identified as NFC). (d) EDS carbon X-ray spectra collected from a surface area of 44 µm by 58 µm

CE

on both samples under identical electron microscope settings. The total carbon X-ray counts collected
from the sulphur-free and COS-containing samples are 71k and 26k, respectively. Clearly, the

deposition.
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addition of 215 ppb COS into the gas mixture has resulted in the significant suppression of carbon
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Figure 6: (a) STEM image of a cross-section through the surface of a sample exposed to a sulphur-

CE

free deposition gas mixture. Region b (within the blue rectangle) and Region g (within the red
rectangle) were mapped and presented in Figures (b-f) and Figures (g-k), respectively. (b) A higher
magnification STEM image of the region in the blue box region b. The elemental maps of (c) iron, (d)

AC

chromium (e) oxygen and (f) nickel corresponding to (b). (g) STEM image of a cross-section across
the grain boundary, shown in the red box in (a). The elemental maps of (h) iron, (i) chromium (j)
oxygen and (k) nickel corresponding to (g). EDS maps show the presence of nickel-rich features
within the (iron, chromium) oxide layer.
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Figure 7: (a) STEM HAADF image showing the cross-section of a sample exposed to the COScontaining gas mixture. (b) A higher magnification STEM image of region ‘b’ shown in the red box in
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(a) and the corresponding EDS elemental maps of iron (c), chromium (d), nickel (e) and oxygen (f).
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Figure 8: Qualitative EDS analysis of a nickel-rich particle within the oxide layer in the sample that
was exposed to the COS-containing gas. (a) STEM image of the particle within the oxide layer. Point
EDS confirmed the presence of (b) sulphur in the particle, but not in the oxide (c) where the signal is

CE

at the background level. (d) Magnified image of the particle seen in (a). Elemental maps showing the
distribution of (e) Ni and (f) S across the particle. (g) Ni and S line-profile across the particle shows
that the sulphur is concentrated around the edge of the particle. This implies that sulphur is present on

AC

the surface of the nickel-rich particle.
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Figure 9: (a) TEM-BF image of a nickel-rich particle and the electron diffraction patterns obtained
from (b) the alloy and (c) the nickel-rich feature for the sample exposed to COS-containing gas. It
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shows that the nickel-rich feature has the same crystal orientation and FCC structure as the alloy. The
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particle was positioned by the white circle in (a).

28

PT

ACCEPTED MANUSCRIPT

Figure 10: (a) TEM-BF image of nickel-rich features and the electron diffraction patterns obtained
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from (b) the alloy and (c) the nickel-rich feature (in black contrast) for the sample exposed to the
COS-free gas mixture. It shows that the nickel-rich feature has the same orientation and FCC structure
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as the alloy.
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Figure 11: (a) A cross-sectional STEM-BF image obtained from a sample exposed to the COScontaining gas mixture. The diffraction pattern (b) taken from the oxide grain in dark contrast
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(highlighted in pink) is consistent with that of the FCC structured chromite.
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Figure 12: (a) and (b) A cross-sectional STEM image of the sample exposed to sulphur-free gas
mixtures. The concentration profiles of (c) O, (d) Cr, (e) Fe and (f) Ni across the oxide-metal
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interface.
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Figure 13: (a) STEM image showing the cross-section of the sample exposed to COS-containing gas
mixture. The concentration profiles obtained from the linescan across the oxide-metal interface
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following the yellow line in (a) are shown in (b) Cr, (c) Ni, (d) Fe (e) S and (f) O.

32

ACCEPTED MANUSCRIPT

PT

Figure 14. Schematic diagrams of the mechanism leading to the formation of the nickel-rich particles
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within the oxide at the grain centres.
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Carbon deposition has been significantly reduced under the presence of CoS
The origin of catalytic nickel-rich particles in stainless steel revealed
High resolution EDS study showed that sulphur was observed to be surrounding
nickel-rich particles

AC





34

