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Abstract 

Carbon deposition on 20Cr25Ni steel at 700C has been investigated in CO2-based gases 

containing 0.7 vol%, 1.0 vol% and 1.4 vol% CO, each with ~1000vpm C2H4, at 700°C. 

Filamentary carbon deposits were formed at the two lowest CO contents but not at 1.4 vol% 

CO.  TEM analyses have shown that the different CO levels change the propensity for 

deposition by altering the ratio of Ni:Fe in the nanometre sized catalytic particles produced 

during oxidation.   

 

1. Introduction 

 

Austenitic stainless steels are a very useful class of alloys combining good oxidation 

resistance with potential for high creep strength. They are employed widely in the 

petrochemical industry and the variant 20Cr-25Ni (wt.%) is used in the UK as fuel cladding 

in the Advanced Gas-cooled (nuclear) Reactors (AGRs). However, the formation of carbon 

deposits commonly occurs on the alloys at elevated temperatures in gaseous carbon-bearing 

environments having carbon activities, ac >1. Such deposits can have significant detrimental 

effects, e.g. by reducing heat-transfer efficiency or may be associated with excessive 

carburization of the alloy [1-4] and consequent structural impairment or, in extreme cases, 

metal dusting [5-7].  

 

Carbon deposition on a Si-free model 20Cr25Ni austenitic steel from a CO2-based gas 

containing ethene is catalysed by Ni-rich metal particles [8], usually some tens of nanometres 

in size.  In gaseous environments having oxygen potentials sufficient to oxidise Fe and Cr, 

for example, such Ni-rich particles form within a porous oxide layer in the early stages of 
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oxidation [8].  The catalytic activity of Ni in these alloys is unsurprising in view of earlier 

work [9] that showed that carbon deposits could readily form on pure Ni.  Gas access to these 

particles is necessary for the catalysed deposition process to take place and the presence of 

protective surface oxide layers (e.g. chromia or silica) provides an effective method of 

preventing this [1,8,10-14].  This can be achieved either through a pre-oxidation stage [9] or 

by introducing short-circuit diffusion paths (dislocations, small grains) for Cr or Si within the 

surface regions of the alloy [10-12]. 

 

The aim of the present work is to examine further the nature of the catalytic particles formed 

during the early stages of oxidation of the 20Cr25Ni austenitic steel.  Previous work [8], 

using TEM supplemented by EDS analysis, found that in 4-hour exposures in CO2, 1%CO, 

1000vppm C2H4 at 550
o
C, the catalytic particles were essentially pure Ni and 10-20 nm in 

size.  The current work uses a similar approach to determining particle compositions but 

employs FIB sectioning to increase the number of particles examined.  The work also uses 

the higher test temperature of 700
o
C to increase reaction rates and particle numbers produced 

in the early stages of oxidation.  In addition, the effect of changes to the CO content of the 

depositing gas on particle compositions, their size and the propensity to form deposits is 

examined. 

 

2. Experimental procedure 

 

The alloy used was a stabilised Si-free austenitic steel of composition (wt%) 19.0Cr, 26.5Ni, 

53.2Fe, 0.6Nb and 0.67Mn, the carbon content of the steel was 0.015 wt.%.  The composition 

was determined by wet analysis and confirmed using EDS analysis for the metallic elements, 

and the alloy was available as cold-worked strip of ~ 0.4 mm in thickness.  The cold-rolled 

alloy strip was sectioned into rectangular samples of approximately 10 mm  20 mm.  The 

cold-rolled surfaces were then ground and polished so as to remove a minimum of 50 µm of 

material from both surfaces, thus ensuring that no defects in the surfaces caused by the cold-

rolling process remained.  To remove residual stresses and create a microstructure consisting 

of equiaxed emergent surface grains of 3 to 10 µm diameter, the specimens were heat treated 

at 930°C for 30 min in a non-oxidising atmosphere of 5% hydrogen in argon.  The final stage 

in the preparation process involved electro-polishing in 10% perchloric acid in acetic acid, 

followed by ultrasonic cleaning in ethanol. 
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The samples were placed on alumina boats and positioned inside a purpose built rig.  Details 

of this rig are available in ref. 15.  The rig was purged with a non-oxidising (5%H2/Ar) gas 

and brought up to the exposure temperature of 700°C at a ramp rate of 20°C min
-1

.  The gas 

was changed to the test gas, details given below, for four hours.  After exposure the gas was 

changed back to the 5% hydrogen in argon gas and the furnaces cooled overnight.  The gas 

flow throughout was maintained at approximately 0.3 l.min
-1

.  These specimens were 

subsequently examined and not exposed further to the depositing environment. This 

procedure ensured that the deposit structure developed during the oxidation stage was 

preserved. As will be shown, the spinel oxide formed during this stage was (Fe,Cr)3O4, 

containing no Ni, and so Ni-rich metallic particles could not be produced by spinel reduction 

as has been found elsewhere [15]. 

 

Gases with different carbon monoxide concentrations were employed in the testing conducted 

here, supplied as pre-mixed bottles, with nominal compositions of 0.7, 1.0 or 1.4% CO / 

1000vppm ethene / bal. CO2.  All deposition tests were conducted at 1 atmosphere total 

pressure at a temperature of 700°C for 4 hours.  The gases were exhausted through an 

extraction system producing a thermodynamically open system.  The oxygen partial pressure, 

PO2, of these gases is dominated by the CO/CO2 equilibrium:  

                                                         2CO + O2 → 2CO2                                              (A) 

according to: 

                                                     

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where p is the partial pressure of oxygen in the gas having a total pressure of 1 atmosphere, 

p* is the oxygen standard state of 1 atmosphere, PO2 is thus the fractional partial pressure and 

is dimensionless.  PCO2 and PCO are the partial pressures of CO2 and CO respectively, G°A is 

the standard free energy change for reaction (A), R is the ideal gas constant (8.314 J.K
-1.

mol
-1

) 

and T is temperature in K.  Estimated values of PO2 at 700
o
C are 1.1x10

-17
, 5.5x10

-18
 and 

2.8x10
-18 

for the 0.7% CO, 1.0% CO and 1.4% CO gases, respectively.  The calculations use 

the standard free energy change,
o
AG , of -396000 J/mole O2 [17].  Fe and Cr in the alloy 

oxidise in the CO2/1%CO environment [8, 16] but Ni will not, even at unit activity of the 

metal.  Calculations for PO2 for the gases at 700
o
C are shown above whereas the calculated 

PO2 for formation of NiO from pure Ni at 700
o
C is 7.8x10

-17
. The calculations intentionally 

take unit activity for Ni since early investigations showed essentially pure Ni particles 
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resulted from the initial stages of oxidation of the alloy and these particles act as catalysts for 

carbon deposition at 550°C [8].  It will be shown later in this work, at 700°C, that the 

particles formed are highly Ni-rich. 

The carbon activity, ac, of the gases is dominated by the oxidation of ethene by both CO2 and 

CO and various possible overall reactions can be identified [8]: 

                                       C2H4 + 2CO2 → 2C + 2CO + 2H2O                            (B) 

                                              C2H4 + 2CO → 4C + 2H2O                                  (C) 

                                               C2H4 + CO2 → 3C + 2H2O                                  (D) 

                                                       2CO → CO2 + C                                          (E) 

 

The carbon activities for the reactions have been previously calculated at 550°C as 9.2 x 10
6
, 

2.1 x 10
2
 and 7.5 x 10

3
 for reactions B to D respectively, using ThermoCalc [8].  A similar 

assessment at 700°C produced activities of 2.1 x 10
6
, 2.5 x 10

2
 and 5.1 x 10

3
.  The actual 

reaction path is unclear but values of ac >> 1 are generated by this gas mixture and carbon 

deposits were formed in the present tests.  Carbon activities generated through Reaction (E) 

are negligibly small at ac~10
-4

; calculations from Thermocalc give values of 1.8 x 10
-4

 for 0.7% 

CO, 2.7 x 10
-4

 for 1% CO and 4.2 x 10
-4

 for 1.4% CO at 700°C.  This reaction does not 

contribute significantly to carbon deposition.  Thus, changes in the concentration of CO in the 

deposition gases used here will not produce a significant difference in the carbon activity of 

the three gases.  

 

A dual beam FEI Quanta 3D system consisting of a focussed gallium ion beam (FIB) and 

conventional field-emission scanning electron (FEGSEM) column, also equipped with an 

Oxford Instrument Energy Dispersive Spectrometer (EDS), was used to observe the sample 

surface and for the preparation of TEM foils.  Some typical features of the sample surface 

were cross-sectioned, extracted and thinned by FIB.  The initial stages of foil preparation 

used a 30 kV ion beam with the probe current reduced successively throughout the procedure 

to a final polishing/cleaning stage performed at 5 kV.  These foils were examined in an FEI 

Tecnai F20 (scanning) transmission electron microscope (STEM) equipped with an Oxford 

Instrument X-max SDD detector operating at 200 kV. 

 

Particular care was taken when determining the composition of particles entrapped within the 

oxide layer to negate signal contamination from the surrounding oxide.  To undertake this it 
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was necessary to subtract the contribution from the surrounding oxide from each of the 

spectra obtained for the particles. To achieve this, the Cr peak was chosen as it can be 

assumed that any Cr present would have been converted to the oxide and would be absent 

from the particles.  The Cr peak from the EDS spectrum was normalised for both the particle 

and the oxide signal. Subtraction of the oxide contribution from the combined spectrum then 

produced the calculated composition of the particle at that site.  No such compensation was 

required for the metallic particles within the carbon deposit.   

 

3. Results and discussion 

The surfaces of the specimens after the deposition runs were examined using the SEM and 

typical images are shown in Figure 1.  EDS results confirmed that carbon deposits had 

formed only in the 0.7% and 1.0% CO gases and not in the 1.4% CO gas.  Filaments of 

carbon are shown by the arrows in Figure 1 and these usually had a bright contrast metallic 

particle at their tip with typical diameter ≤ 50 nm.  This morphology is broadly the same as 

found previously [8] in the 1% CO gas for exposures at 550
o
C.  Examination of Figure 1 

suggests that there are two size ranges of particles present: those of around 50 nm in size that 

appear to act as catalysts to the deposition process and larger particles, ~500 nm, that do not.  

Both types of particles appear to be Ni-rich but a more robust evaluation of their composition 

requires TEM/EDS analysis, as detailed below.  Within the context of the present paper, 

particular emphasis is given to the smaller size range of particles because of their relevance to 

the deposition process.  

 

TEM cross-sections were prepared from the alloy exposed to each of the three CO gas 

compositions using FIB milling.  Figure 2 shows a montage of STEM images of three 

exposed samples for each of the gas compositions.  These images show details of the alloy 

with grain boundaries, twins and some sub-surface dark contrast features at grain boundaries 

underlying the surface oxide. These are voids, possibly Kirkendall in origin, which were 

enlarged during the milling process as a result of differential sputtering rates.  The outer 

surface of the specimen consists of a continuous oxide of differing thickness.  Some regions 

are thin with an approximate thickness of 100nm and others are up to 500nm thick and more 

complex, as indicated by the contrast differences within the oxides.  These two distinct oxide 

regions were present at all gas compositions.  Carbon deposits were evident on the surface of 

the samples tested at 0.7 and 1.0% CO as shown as dark contrast (arrowed) in Figure 2 (a and 
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b); no carbon deposits were found in the sample tested at 1.4% CO (Figure 2c), consistent 

with the earlier SEM examination (Figure 1).  It is interesting that C deposits formed at 

central grain regions and not at grain boundaries (Figures 1 and 2).  This is consistent with 

previous observations at 550
o
C [8], and arises because the grain boundary is a fast diffusion 

path for Cr.  Chromia then forms rapidly above these emergent grain boundary regions and 

prevents gas access to any metallic catalytic particles. 

 

Higher magnification examination of the spinel oxide above the central region of a grain is 

shown in Figure 3 along with electron diffraction patterns taken from the alloy, oxide, 

particles and the oxide / alloy interface.  The oxide was identified as the FCC spinel 

(Cr,Fe)3O4 phase with a lattice parameter a=0.84 nm.  The alloy and particles within the 

oxide both have the same FCC structure and orientation indicating that the particles retain 

some level of connectivity with the substrate until final separation occurs.  This demonstrates 

clearly the proposed method of formation of the particles in that they are formed as a result of 

the inward growth of the spinel at a rate which isolates and concentrates the un-oxidised Ni 

component of the alloy.  Patterns taken from the interface, Figure 3c, contain components 

from the alloy and the oxide.  EDS analysis of the oxides formed in each gas shows similarity 

in composition although the confidence in the oxygen concentration is not as good using this 

technique, Table 1, however, the Cr to Fe ratio in each case is similar.  The oxide thickness 

measurements taken from the three samples were as follows: 249140nm for 0.7% CO, 

26293nm for 1.0% CO and 290107nm for 1.4% CO gas mixtures show a slight but not 

significant increase in the mean values for the regions examined but this is also within 

statistical scatter of the data, it should be noted that these measurements are from a limited 

sample range.   

 

EDS was used to analyse compositions of the small particles (tens of nanometres) in the C 

deposit and within the oxide layer.  Figures 4 and 5 illustrate EDS maps for the C deposit and 

oxide layers for the specimens exposed to the 0.7 and 1.0% CO gases, respectively, and, in 

Figure 6, for only the oxide layer for the 1.4% CO sample since deposits did not form in this 

gas. The maps show the particles in the C deposits to be rich in Ni and Fe but containing 

neither Cr nor O (Figures 4 and 5). The surface oxide layer is predominantly Cr and Fe rich. 

The particles within the oxide layers are also rich in Ni and Fe.  In addition, there are large 

(~1 µm) particles sitting proud of the surface on top of the oxide (Figure 2) and these again 

are Ni- and Fe-rich, as shown in Figure 6, with no evidence of their having been oxidised.  

The results of an EDS linescan across the oxide and grain boundaries in the sample exposed 
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to the 1.4% CO gas are shown in Figure 7.  It demonstrates that a ~100 nm wide Cr depletion 

region had formed underneath the surface oxide and that some Cr depletion also existed at 

alloy grain boundaries.  This figure also shows that the surface oxide is composed of Cr and 

O with negligible quantities of Fe or Ni, i.e. Cr2O3 forms above regions of emerging grain 

boundaries and grows laterally across the surface. 

 

To understand the influence of CO concentration on C deposition, the number and 

composition of the Ni-rich particles formed in the early stages of oxidation were investigated. 

The sizes of the (small size-range) particles within the oxide layer were measured from the 

STEM images and histograms are given in Figure 8 for the 0.7% and 1.4% CO gas variants.  

The distributions obviously overlap considerably but the mean of the diameters of the 

precipitates formed under the 0.7% CO containing gas (39 nm) were greater than those 

formed under the 1.4% CO containing gas (34 nm). A summary of the findings is presented 

in Table 2 which gives the mean and standard deviation values for particle diameters.  

Although the difference in the means is relatively small, the large number of particles 

measured (>350, see Figure 8) per test condition, produces a t-statistic of ~9, indicating that 

the difference in the means is highly significant. It may well be that the fraction of smaller 

particles present in the size distribution developed in the 0.7% CO gas had acted as catalysts 

and had entered the carbon deposit.  Unfortunately, this could not be demonstrated with 

confidence because of the relatively limited numbers of particles available for measurement 

within the deposit compared with those within the oxide layer.  Table 2 also gives the number 

densities of the small metallic particles formed within the oxide in the two gases.  Broadly 

similar values were obtained although slightly fewer particles were present after exposure to 

the 0.7% CO environment consistent with the hypothesis that some (~6% of the total) had 

entered the C deposit. 

As mentioned in the experimental procedure, a subtraction technique was used to determine 

the composition of the Ni-rich particles within the oxide.  The values obtained are given in 

Table 3 from which it can be seen that there is no systematic variation in the Ni/Fe ratios with 

the CO content of the gas.  The Ni content of the particles averages at around 71 at.% over 

the range of CO contents.  An additional study was undertaken of the particles within the C 

deposits because these had, by definition, been involved in the deposition process.  The 

compositional results are given in Table 4 but only for the two lowest CO concentrations 

since no significant C deposits had formed on the sample exposed to the gas containing 1.4% 

CO.  The results of Table 4 show that the average Ni content of the particles within the 
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deposit for the 0.7% CO gas was 88.8 at.% and for the 1.0% CO gas, 79.6 at.%. They 

exceeded the average of the measurements made within the oxide for both gases (Table 3). 

 

A systematic study of the propensity for particles of Ni-Fe powders of various compositions 

to catalyse C deposition has been undertaken by Park and Baker [18]. Their results are 

illustrated in Figure 9 and show how solid carbon is formed at Ni concentrations greater than 

approximately 75 at.%. This carbon appears to arise from the dissociation of ethene, as in the 

present work, because the decrease in the concentration of this compound mirrors the 

increase in the formation of solid carbon. The following discussion proceeds on the basis that 

the mechanism of catalysed deposition on the Ni-Fe surface in current tests is the same as in 

the environment of Park and Baker so that their observed trends of C deposition with Ni 

content can be applied directly. 

 

The average Ni content (~71 at.%) of the particles within the oxide layer (Table 3) is 

illustrated as the solid vertical line in Figure 9 and is independent of the CO levels.  At this Ni 

content, the particles would not be expected to catalyse C deposition, on the basis of Park and 

Baker’s work. Indeed, these particles in the present study have not done so because they 

remain within the oxide layer, unassociated with filamentary carbon. However, the average 

Ni contents of the particles within the deposit for the 0.7% CO was 88.8 at.% and for the 1.0 

CO, 79.6 at. % (Table 4).  These values are shown in Figure 9 as the dashed lines and these 

refer to particles within the deposit for each of the CO contents.  Unlike the particles within 

the oxide, the Ni content of these particles would be sufficient to catalyse C deposition [18, 

19] and this is commensurate with their presence within the deposit.  It is tempting, of course, 

to view the reducing Ni content of particles with increasing CO content as significant because 

this would provide a plausible physical mechanism for the effect of the CO content on 

deposit formation.  It is a reasonable working hypothesis but some caution is required 

because of the inevitably limited number of particles that can be examined using TEM 

techniques.  If the hypothesis is correct, the reduction in the Ni content of the particles could 

arise from an increased rate of gaseous nickel carbonyl formation in the higher CO gases but 

may also arise through a subtle change in the oxidation response of the alloy to the different 

environments that has yet to be identified. 

An explanation for the partitioning of particle compositions between oxide and deposit is 

illustrated in Figure 10.  It is envisaged that, during initial oxide formation, at Stage II, 

particles of a range of compositions are formed.  It is proposed that those particles 

particularly rich in Ni catalyse the formation of filamentary C, become incorporated into the 
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filaments (e.g. Figure 1) and are removed from the sub-surface zone into the C deposits as the 

filaments grow. Those particles with lower Ni contents remain within the oxide.  The 

differences in the size distributions shown in Figure 8, where fewer small particles were 

found within the oxide after exposures to the 0.7% CO gas compared with the 1.4% CO gas, 

may indicate that the smaller particles, of higher Ni content, are favoured catalytic sites and 

are removed into the deposit formed in the lower CO environment. 

 

4. Conclusions  

Carbon deposition on 20Cr25Ni steel at 700C has been examined in CO2-based gases 

containing 0.7%, 1.0% and 1.4% CO each with ~1000vpm C2H4.  Filamentary carbon 

deposits were formed at the two lowest CO contents but not at 1.4% CO. 

TEM characterisation has shown that, during the initial stages of oxidation in all three gases, 

Ni-rich metallic particles, also containing Fe, were formed within the surface oxide.  Those, 

having mean diameters of  30-40 nm, catalysed C deposition in the 0.7 and 1.0% CO gases 

but not in that containing 1.4% CO. 

Ni contents within the particles of approximately ≥75 at.% were required for catalytic 

behaviour and this value was not reached in the highest CO gas.  In the 0.7 and 1.0% CO 

gases, it was found that particles with this high Ni content tended to be found within the 

carbon deposit whereas those with lower Ni contents remained within the oxide layer.  A 

mechanism for this compositional partitioning is described. 
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Table1.  Compositions (at.%) of the oxide scale of samples tested in each gas. 

CO content of gas, 

vol.% 
O Cr Fe Ni Mn Cr/Fe 

0.7 65.2  1.4 25.11.2 9.21.0 0.040.04 0.470.38 2.76  0.4 

1.0 64.3  1.5 25.22.3 9.51.1 0.130.06 0.840.17 2.70  0.6 

1.4 67.4  1.3 23.21.5 8.81.9 0.30.5 0.240.29 2.80  0.9 

 

 

 

Table 2.  Size and number density of particles within the oxide of samples exposed to gases 

of different CO contents. 

CO content of gas, 

vol.% 

Mean equivalent 

diameter, nm 

Number density per unit 

volume, m
-3

 

0.7 39  8 2.68  10
21 

 

1.4 34  7 2.86  10
21 

 

 

 

Table 3.  Compositions of the particles within the oxide of samples tested in each gas. 

CO content of gas, vol.% Ni/Fe ratio Mean Ni content, at.% 

0.7 2.54  0.20 71.8  2.7 

1.0 2.26  0.66 69.3  3.0 

1.4 2.48  0.36 71.3  2.5 

 

 

Table 4.  Compositions of the particles within the C deposit for samples exposed to 0.7 and 

1.0% CO containing gas. 

CO content of gas, vol.% Ni/Fe ratio Mean Ni content, at.% 

0.7 7.9  4.5 88.8  2.8 

1.0 3.9  0.9 79.6  3.0 
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Figure 1.  SEM images and EDS spectra of the surfaces of the samples, after exposure to 0.7%, 1.0% and 1.4% CO at 700C for 4 hours. Note: 

filarmentary carbon deposits were observed in the regions indicated by white arrows. 
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(a) 

 
(b) 

 
(c) 

Figure 2.  STEM images of the surfaces of the samples after exposure to the (a) 0.7%, (b) 1.0% 

and (c) 1.4% CO containing gases, at 700C for 4 hours.  C deposits (arrowed in Figs 2a and 

2b) were observed on the samples exposed to 0.7% and 1.0%CO. 
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(a) 

 
(b) [011] alloy from A 

 
(c) oxide+alloy from B 

 
(d) [011] oxide from C 

 
(e) [011] CBED of the particle as shown in D 

Figure 3.  (a) STEM-HAADF image through the surface region of the sample exposed to 0.7% CO-

bearing gas with electron patterns taken for: (b) the alloy, (c) the alloy and oxide, (d) oxide and (e) the 

nickel-rich particle.  This shows that the nickel-rich feature in (e) has the same crystal orientation and 

FCC structure as the alloy in (b) and that the oxide is identified as spinel phase (FCC structure - 

(Cr,Fe)3O4 with lattice parameter a =0.84 nm. Note: the spots (arrowed) in Fig. 3c are from the alloy. 
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Figure 4.  EDS maps from the C deposit and the oxide in the sample exposed to the 0.7%CO 

gas, showing that C deposited on the oxide surface, that the particles in the C deposit and at 

the upper part of the oxide layer are rich in Ni, and that the oxide is Cr-rich. 

 
 

   

   
Figure 5.  EDS maps from the C deposit and the oxide in the sample exposed to the 1.0%CO 

gas, showing that C deposited on the oxide surface and that the particles in the C deposit and 

at the upper part of the oxide layer are rich in Ni. 
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Figure 6.  EDS maps from the oxide in the sample exposed to the 1.4%CO gas, showing that 

the top big particle is rich in Fe and Ni and that the particles within the oxide are rich in Ni 

and Fe. Note: no C deposit was formed in this gas composition.  The maps for the minor 

elements (Mn, Nb) resulted in background level readings only and are omitted from this 

figure.   
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Figure 7.  EDS linescan (from A to B in the electron image) from oxide into the alloy 

including grain boundaries for the sample after exposure to 1.4%CO, showing a ~100 nm Cr 
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depleted region (solid black arrow) underneath the surface oxide and grain boundary Cr 

depletion (dashed arrows at 1.5 and 4.0 μm). Note: the Nb peak is probably associated with 

Nb carbide. 
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Figure 8.  The size distribution of Ni-rich particles within the oxide layer in the samples, after 

exposure to 0.7 % and 1.4 %CO. 
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Figure 9.  The percentage product distribution from the hydrogenation of a C2H4/H2 (4:1) 

mixture over various Fe-Ni powders at 600
o
C [19]. The solid vertical line corresponds to the 

Ni content of particles within the oxide, in the present work, for all CO concentrations. The 

two dashed lines give the Ni contents of particles within the deposit for the 0.7 and 1.0% CO 

gases as indicated on the figure.  
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Figure 10.  Schematic diagram proposing an explanation for the difference in the composition 

of the particles found at the two sites, i.e. within the oxide and within carbon deposits. 
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II.  The first-formed oxide is porous 

and allows gas access.  The oxide 

region beneath the original alloy 

surface contains Ni/Fe particles that 

have not oxidised at the oxygen 

potential of the CO2/1%CO gas. 

III.  The sub-surface particles have a 

range of Ni:Fe ratios but only those 

that are particularly Ni-rich (>75 at.%) 

(shown in red) catalyse filamentary 

carbon.  These are removed from the 

sub-surface zone as the filaments 

grow and are found within the carbon 

deposit.  Those particles that have 

lower Ni contents (shown in green in 

the web version of this paper) do not 

catalyse and remain within the sub-

surface zone.  Particle partitioning, 

depending on composition, then 

develops. 
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