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Abstract: 

The selection of the reactor material with the lowest coking tendency can result in substantial 

economic benefits for the steam cracking process. One of the remaining unresolved points of 

discussion is what the influence is of sulfur addition, in particular dimethyl disulfide (DMDS)   

on various steam cracking reactor alloys with varying Ni-Cr content. To shine some new light 

on this topic, an extensive thermogravimetric study was performed in a jet stirred reactor set up 

(JSR) evaluating on-line the coking behavior of four Ni-Cr-Fe alloys under industrially relevant 

ethane cracking conditions. For each material, the effect of pre-oxidation/pretreatment with and 

without the presence of DMDS was evaluated, with as objective to minimize the materials 

coking tendency. The coking rates show that an increased Ni-Cr content of the material 

improves the coking rates by a factor 2 or more under the studied process conditions. By 

continuously feeding DMDS, all non Al-containing alloys indicate 7 times higher coking rates 

than the Blank runs, while the carbon oxide(s) formation is suppressed by a factor 5. In 

comparison to continuous addition and presulfiding with DMDS, labelled as ‘CA+PreS’ 

experiments, the Al-containing alloy outperforms itself significantly when pre-oxidized at 1223 
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K by 50 % in terms of coking rates. The results indicate that Al addition to Ni-Cr-Fe alloys 

improves their anti-coking performance, provided that the pre-oxidation temperature is higher 

than for materials without Al. The overall results from coking rates and off-line SEM and EDX 

analysis for the coked coupons showed an outstanding oxidation homogeneity for the 40/48 Cr-

Ni alloy, which was better than the Al-containing alloy at lower pre-oxidation temperatures. 

 

Keywords: steam cracking, presulfiding, pre-oxidation, jet stirred reactor, anti-coking 

technologies, High-Temperature Alloys, Al-containing alloys 

1. Introduction 

 Minimization of coke formation on the inner wall of tubular reactors in steam cracking furnaces 

is the most relevant challenge to improve the time on stream and thus the economics of the 

process 1-2. In steam cracking plants more than 90% of carbon dioxide emissions can be directly 

related to energy consumption of the endothermic conversion in cracking furnaces3. However, 

climate change makes it mandatory to replace fossil fuels with electricity, reactor materials will 

still be of high importance, in particular when moving a chemical industry that works based on 

Joule effect 4. To avoid operation of the furnace above the metallurgical maximum allowable 

temperature or at the maximum pressure drop, an on-line decoking procedure of about 48 hours 

using steam, steam and hydrogen5 or - more commonly - a steam/air mixture6-7 is applied. The 

aim of decoking is to rapidly, safely and completely remove the coke formed on the coil, 

creating a continuous oxide layer at the interface of the gas and coil. Alternative decoking 

technologies have also been developed over the past years for tubular heaters or reactors8-17 

while industrial best practices on rapid decoking techniques with improved control to reduce 

radiant coil damages have been summarized by Sullivan6. Next to these techniques  innovative 

surface technologies have even received more attention in the field, such as high performance 
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alloys 18-19 and coatings 20-22. The material cost of the reactors made out of these high 

temperature alloys is substantial and hence maximizing their lifetime and anti-coking 

performance is essential. The use of additives, especially sulfur-containing ones, as 

pretreatment and/or continuous addition is costly but widely applied 23-39. However, its effect 

is still one of the big myths with believers and disbelievers. To make it even more complex, the 

material composition (amount of Cr, Mn and Si 40), pretreatment  (oxidative, reductive, 

oxidants, etc.) and their effect on carbon oxides formation also play an important role in 

reducing coking rates. Accurately calculating carbon oxides formation during effluent analysis, 

to reduce mass and molar balance closure discrepancies, can help overcome instabilities in the 

experimental dataset, demonstrated by Quantis 41. Classically, an oxidative pretreatment on the 

inner side of the reactor material is applied on-line before the start of the process, but the 

different elemental composition of each alloy will affect the characteristics of the oxide layer 

and eventually lead to different coking behavior18.  The duration of pretreatment has an effect 

on the rate of coke formation that varies between 30 minutes and 4 hours or longer at 

temperatures in the range of 873 to 1223 K 42. 

Horsley et al. 43 observed that a significant enrichment of Cr and Mn oxides at the surface of 

the alloy - namely MnCr2O4, MnO or Cr2O3, was followed by a decreased absolute coke 

amount. Different oxidizing gas mixtures were tested on Incoloy 800 coupons by Luan and 

Eckert 44 showing that temperature, duration, and composition of the pretreating gases are the 

predominant factors affecting the surface composition and thickness of the formed layers after 

pretreatment. Jakobi and Karduck 45-46 evaluated different spun cast alloys in industrially 

relevant start-up conditions. They found that on chromia forming alloys a protective and 

complex system of oxide layers is formed consisting of a chromium-manganese spinel on top 

of a chromia layer and with a thin layer of SiO2 at the oxide-metal interface forming a total 

oxide layer of 1 µm on top. Al-containing alloys formed a thin protecting Al2O3 layer with a 



4 
 

thickness of 100 nm showing increased corrosion and carburization resistance, especially if the 

temperature exceeds 1173 K. Similarly, Asteman and Hartnagel 47 investigated the impact of 

the Al and Cr content in alloys and concluded that the Al2O3 forming alloy, containing 4 wt % 

Al (NiCr25Al4), has the best preoxidation properties with minimal spallation, compared to the 

Cr2O3 former (NiCr28), even after 500 h isothermal exposure. After the radiant section, the 

process gas is rapidly cooled in a transfer line exchanger (TLE) and the coking rates in TLE are 

observed to have a significant influence on the partial pressures of water and hydrogen 48.  

This study focuses on the comparison of four high temperature alloys under industrially relevant 

cracking conditions; three, with primarily a difference of the Ni-Cr content, starting from a 

classical 25/35 CrNi alloy, and additionally an Al-containing alloy with 4% of Al was tested as 

well.  The role of sulfur, cyclic aging of the alloys and pre-oxidation at high temperature is 

studied. Therefore the coking resistance of all materials is thermogravimetrically analyzed, and 

for the first time detailed experimental coking rates measured under representative gas phase 

atmospheres are provided, supported by surface and cross-sectional SEM and EDX 

observations to assist the interpretation of the experimental results. This allows to rank the 

materials according to their expected industrial performance. 

2. Experimental section 

2.1. Electrobalance Setup 

The jet stirred reactor set-up has been extensively described in previous work 18-19, 42, therefore, 

only a brief description is given here. The set-up consists of three parts: a feed section, a reactor 

section and an analysis section as shown in Figure 1. The mass flow rates of gasses and water 

are controlled by thermal mass flow controllers. All the lines in contact with sulfur are 

Sulfinert®-treated49. The water is vaporized in an evaporator, mixed with the heated 

hydrocarbon feedstock and further heated before entering the reactor inlet at a temperature of 
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903 K. A jet stirred reactor made out of quartz is used, with a flat coupon in the center of the 

JSR suspended from the arm of an electrobalance. The coupon dimensions are 10 mm × 8 mm 

× 1 mm. The mass changes are tracked over time with a frequency of 1 Hz. Subsequently, the 

reactor effluent is quenched to prevent further cracking and its composition is measured with 

two gas chromatographs (GC) using nitrogen as internal standard i.e. a refinery gas analyzer 

dedicated to the analysis of components with less than 5 carbon atoms and a TRACETM Ultra 

GC detecting hydrocarbons ranging from methane to naphthalene. For ethane cracking, no 

heavier products are measured than naphthalene. In detail, from the peak areas of the TCD-

channel, experimentally determined calibration factors and the known amount of nitrogen, the 

flows of hydrogen, methane, carbon oxides and C2 hydrocarbons are calculated. The calculated 

methane flow is subsequently used as internal standard for the flow determination of higher 

hydrocarbons on the FID-channels.  

2.2. Experimental procedures, materials and conditions  

The overall variation in experimental conditions is summarized in Figure 2. Four different 

alloys are evaluated under a broad range of industrially relevant conditions as summarized in 

Table 1. The first is the classical 25/35 CrNi. Next to that, two innovative alloys with a higher 

Cr-Ni content (35/45 and 40/48) and one Al-containing alloy are studied. For all alloys, the 

coupons are cut from the inner side of an industrial coil using wire-cut Electrical Discharge 

Machining (EDM) with an accuracy of 1μm. Operating procedures and conditions used in this 

work are summarized in Table 1. To mimic aging behavior, the experiments consisted of eight 

coking cycles, the first three involved 6 h of cracking and steam/air treatment followed by four 

short cycles of 1 h of cracking and steam/air treatment and a last coking cycle of 6 hours. The 

heating ramp used during stabilization, heating and cooling of the set-up is 300 K h-1. For all 

the performed experiments, an initial pre-oxidation step for 14 hours in the presence of air at 

1023 K or 1223 K is performed before the first coking cycle. As next steps after a coking cycle, 
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the pretreatment procedure consists of a steam or steam/air treatment. After every coking cycle 

(CCn-1), steam or steam/air treatment is performed in order to burn the coke formed on the 

sample and regenerate the oxides formed on the sample surface42.In case that presulfiding is 

applied, it is performed after these pretreatment steps, just before steam cracking.  

The experiments with a presulfiding step before the coking cycles are labeled with “PreS”, 500 

ppmw/H2O. During experiments with continuous addition of DMDS, labeled with “CA”, 41 

ppmw S/HC diluted in the water is fed; CA and PreS values correspond as a reference to all the 

studies that were performed with similar process conditions to study coking rates and limit the 

formation of carbon oxides21, 42, 50-51. The reactor temperature is set throughout the cracking 

runs at 1173 K, a value that is reached within 5 minutes after introducing the cracking mixture 

in the reactor. The standard experiment, without any addition of DMDS before or during 

cracking and at the typical temperature of 1173 K is noted as “Blank” which serves as a 

reference experiment to evaluate the effect of DMDS.  

After steam cracking for 6 hours, the reactor temperature is set to 1023 K and the flow rate of 

ethane and steam is set to zero, leaving only helium to purge through the reactor. After the last 

coking cycle, for the reactor cooling down to room temperature, a He flow of 0.6 · 10-6 kg · s-1 

is used as inert gas while the furnace ramp is set to 100 K per hour.  

Also a set of experiments has been carried out where cyclic aging of the materials was studied. 

Here, pre-oxidation between every coking cycle, labelled as “Pre-O all CC” was performed. All 

materials are pre-oxidized in presence of air for 12 to 14 hours after the end of every coking 

cycle at 1023 K. Cyclic-aging would metallurgically age the coupons and also ensure that the 

coupon develops sufficient oxide as a barrier to coke formation before the beginning of a coking 

cycle. Pre-oxidation between every coking cycle is followed with similar steam cracking 

conditions as labelled for “Blank” and “CA+PreS”. For all materials, the “initial” pre-oxidation 

before the first coking cycle is performed at 1223 K to enable full development of the surface 
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alpha-alumina layer on the Al-containing alloy 39. After pre-oxidation at 1223 K, the test is 

performed similar to the “CA+PreS” labelled experiment during a coking cycle. 

2.3. Determination of the coking rate 

The coke deposition on each sample is measured over time by continuously weighing the mass 

of the sample. This allows the determination of the total amount of coke after every coking 

cycle, as well as the calculation of the initial catalytic coking rate and the asymptotic pyrolytic 

coking rate. Similar to previous work 18-19, 42, the coking rate is determined as: 

Rୡ =
୫౪మି୫౪భ

୲మି୲భ
 
ଵ

ୗ
  (1) 

where Rc is the coking rate in kg·s−1·m−2, mtj the mass of coke at time j in kg, tj the experimental 

time at time j in s and S the surface area of the coupon in m2.  

The value of the coking rate measured between 15 minutes and 60 minutes is defined as the 

initial or catalytic coking rate, i.e. characterizing the catalytic coking behavior of the sample. 

The asymptotic coking rate is related to the pyrolytic coking mechanism and is reported as the 

measured coking rate between the 5th and 6th hour of cracking. 

2.4. Scanning Electron Microscope (SEM) and Energy Dispersive X-ray 

(EDX) Analysis 

Scanning Electron Microscopy (SEM) of the coupons is performed using a JEOL, type JSM-

7600F, with a Schottky field emission gun as an electron source and Energy Dispersive X-ray 

Spectroscopy (EDX) is used to obtain information regarding the morphology and to perform 

chemical analysis. The top surface analyses give qualitative information of the elemental 

composition of the surface, while cross sectional mappings evaluate the uniformity of the oxides 

generated during each experiment. The surface composition is an average of EDX analysis on 

two different and representative locations of the examined coupons.  
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3. Experimental results and discussion 

The coking data of the different experiments are summarized in Table 3 to Table 6. The 

elemental composition of fresh alloys measured using EDX are shown in Table 7. These results 

show that by adding DMDS during steam cracking an increase of the coking rates and a 

decrease in the formation of the carbon oxides is noted for all the materials, which is in line 

with previous work. By enriching the alloy composition in Cr and Ni concentration the observed 

coking rates drop. Most alloys showed a quite pronounced stability during the cyclic aging in 

terms of coking rates, except for the experiments with initial pre-oxidation at 1223 K. The gas 

effluent analyses of the performed experiments is provided by the Supporting Information. In 

general, minor differences can be observed for the gas effluent composition when changing the 

alloy composition under the same conditions, while no differences are observed during the 

cyclic aging and during each coking cycle per material. Therefore, only the average gas phase 

composition is reported. In what follows, a more detailed analysis of the experimental 

observations is given, focusing on the individual effect of the investigated parameters such as 

pretreatments, DMDS, Ni-Cr content and Al addition.  

3.1. Influence of sulfur 

a) Blank experiments 

In Figure 3 and Table 3 the coking behavior of the four different alloys in the absence of DMDS 

at 1173 K, is shown. It should be stressed that industrially the use of DMDS cannot be avoided 

as it is needed to suppress the pronounced carbon oxides formation by steam reforming. 

However, to thoroughly and fundamentally evaluate the effect of the addition of DMDS before 

or during cracking this type of experiment is used as a reference. Under the tested conditions, 

the 40/48 CrNi alloy outperforms the rest of the alloys when considering only the initial 

catalytic coking step. A similar anti-coking performance is observed for the 35/45 CrNi alloy. 
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The 25/35 CrNi alloy shows a 20 to 30 % worse coking behavior than the former. The worst 

performance is noted for the Al-containing alloy, having overall 2 to 3 times more pronounced 

coking rates. However, given the fact that DMDS is always used in industry, this negative 

experimental observation should not necessarily be considered discouraging for its industrial 

use. Nevertheless, it shows that sulfur dosing for all the alloys is extremely important with 

observed CO yields from 0.045 wt% up to 0.06 wt%, the latter for Al-containing alloy. For 

economic reasons one would go to the minimal acceptable sulfur doses that still gives low CO 

yields.” 

The coking trends remain the same for the asymptotic coking rate, with overall reduced values 

in comparison with the initial rates. It is known that Ni and Fe are coke formation precursors, 

while Cr, Mn and Al, which are associated with dense passivating oxides, can be responsible 

for an improved anti-coking behavior of an alloy18. The elemental composition of the coked 

samples is in line with the coking observations, with the Al-containing alloy having the most 

pronounced amount of Fe and Ni on its surface, as shown in Table 8. Also, the sum of Cr and 

Mn in the non-Al-containing alloys is more than 85 wt % for all cases, while for the Al-

containing alloy the sum of Cr and Al is less than 80 wt %, implying that its poor anti-coking 

behavior can be attributed to this feature - if one simplifies anti-coking behavior to this variable 

only. Further confirmation by additional experimental work is needed to make sure that this 

statement can be generalized.  

From the cross section analyses in Figure S.1 to Figure S.4 in the Supporting Information, it is 

clear that the 35/45 CrNi alloy has a thicker oxide (approximately 3µm) formed on its surface 

than the 25/35 CrNi alloy (approximately 1µm). The thickness of the Al-containing alloy is 

roughly 1 μm consisting mainly of Al and O. A thick (approximately 3µm) and very 

homogeneous oxide mainly of Cr and O is observed for the 40/48 CrNi alloy.  
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b) Continuous addition experiments 

Comparing the catalytic coking behavior of the four different alloys under CA conditions, see 

Figure 4 top and Table 4, shows large differences in comparison with the results discussed in 

Section 3.1 (a). The Al-containing material is the only one that forms less coke when DMDS is 

continuously added than in its absence. The Al-containing alloy is now only outperformed by 

the 40/48 CrNi material, which cokes 20 % to 50 % less depending on the coking cycle. Overall, 

the ranking among of the Fe-Ni-Cr alloys remains the same as in the Blank runs, but with more 

pronounced differences. By continuously feeding DMDS, all non Al-containing alloys indicate 

roughly 7 times higher coking rates than the Blank runs, while the carbon oxide(s) formation is 

suppressed by a factor 5.  

The 40/48 CrNi alloy cokes almost 2 times less than the 35/45 CrNi alloy and 3 to 5 times less 

than the 25/35 CrNi alloy. The Al containing alloy is not able to outperform the CrNi alloys in 

the current process conditions, despite the fact that results obtained by other research groups 

have indicated that the alpha-alumina oxide layer is developed at or over 1223 K 45-47. Similar 

trends, but less pronounced, are noted for the asymptotic coking rates of all alloys. 

The trends in the elemental composition of the tested coked samples – Table 9 – remain similar 

with those observed for the Blank runs, which indicates that the elemental composition of a 

well pretreated surface is affected mainly by the steam/air treatment and pretreatment 

procedure. In Figure S. 5 to Figure S. 8, the cross sectional images of the coked samples after 

application of aging with continuous addition of DMDS are illustrated. In comparison with the 

blank conditions, the 25/35 and 35/45 CrNi alloy show similar oxide thicknesses of 

approximately 3µm. For the Al-containing alloy the oxide thickness seems to be reduced to less 

than 1 μm. The oxide thickness for the 40/48 CrNi alloy appears also to be stable, with oxides 

consisting of both Cr and Mn oxides 39.  
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c) Presulfiding and continuous addition effect 

The presulfiding effect is evaluated for both the Blank and CA runs. Initially, by comparison 

of Figure 3 and Figure 5, the presulfiding treatment step seems to have a negligible effect on 

the coking behavior of the Al-containing alloy, for neither its catalytic or pyrolytic coking 

behavior. For the non-Al-containing alloys, a 2 to 3 times increase is observed after including 

the presulfiding step before cracking. Nevertheless, the Al-containing alloy performs worse in 

terms of asymptotic coking rate than the 40/48 CrNi alloy. Once more, the performance 

established in terms of anti-coking behavior remains the same; the 25/35 CrNi material 

performs the worst, while the 40/48 CrNi is the best. No additional significant effect of 

presulfiding when combined with continuous addition of DMDS can be observed on the carbon 

oxides suppression. In case of an only presulfided sample, the carbon monoxide yields for all 

Ni-Cr alloys are lower by 20 % when compared to the values from the Blank run, except Al-

containing alloy where no change is observed, as shown in the supporting information section. 

In the case of “CA” and “CA+PreS” experiments the average yields of carbon oxide(s) remain 

the same. Presulfiding thus does not seem to improve any performance for the conditions and 

materials tested. The comparison of elemental composition on the surface of the sample from 

Blank run in Table 8 to presulfided samples in Table 10, it is obvious that the presulfided 

samples are enriched with Ni and Fe on the surface, which explains their pronounced coking 

rates. That is not the case for the Al-containing alloy that shows increased amounts of Al on the 

surface layer.  

While comparing Figure 4 and Figure 6, it is clear that when presulfiding is combined with 

continuous addition of DMDS, it has a limited effect in terms of coking rates causing in most 

of the cases an increase of roughly 10 to 20 %. Overall, it seems that under these conditions, 

the 25/35 CrNi alloy cokes at least 2 times more than the other materials. The best anti-coking 

performance is found for the 40/48 CrNi alloy, giving a factor two lower coking rate than the  
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Al-containing material that is performing roughly 10 % better than the third, the 35/45 CrNi 

alloy. 

The elemental composition of the CA + PreS samples is almost the same as for the PreS ones, 

as shown in  Table 10 and Table 11, verifying once more that the elemental surface composition 

is a strong function of the pretreatment. For all cases studied, the 25/35 and 35/45 CrNi alloys 

show a uniform surface oxidation with the latter indicating thicker oxides. Overall, the oxide 

thickness is decreased by including a presulfiding step before cracking for all alloys, but no 

significant effect on the oxide homogeneity is noticed except for the 25/35 CrNi which has 

minor deficiencies in the top oxide. For the Al-containing alloy, also Cr is present in the formed 

oxides. Observing Figure S. 13 to Figure S. 16, the decrease of the oxides thickness after 

application of a presulfiding step is also noticed for all alloys when continuous addition of 

DMDS is applied during steam cracking. The homogeneity of the oxide scale is still acceptable, 

leaving no catalytic Fe and Ni in contact with the gas phase that would promote coke formation. 

3.2. Influence of cyclic aging 

Cyclic aging of the alloys is performed by pre-oxidizing all four alloys between individual 

coking cycles. It should be noted that DMDS is industrially relevant to suppress the carbon 

oxides formation, as already stated in section 3.1. The purpose of pre-oxidation between every 

coking cycle was to evaluate the evolution of the coking rates and surface composition of the 

materials by aging them further by 12 to 14 hour of oxidation in presence of air.  

Under similar cracking conditions as section 3.1, it should be noted that the initial coking rate 

of the 40/48 CrNi alloy performs better than the rest of the alloys, which can be observed in 

Figure 7 top and Table 5. The 35/45 CrNi alloy performs slightly better than the 25/35 CrNi 

alloy followed by the Al-containing alloy. The pyrolytic coking rates in Figure 7 bottom and 

Table 5, has a similar trend as compared to Figure 3 bottom. The surface elemental composition 

of all alloys can observed in Table 12, which are in line with the experiments performed in 
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section 3.1. This indicates that the performed steam/air and/or pretreatment procedures are 

sufficient to generate a good oxide layer on the surface of the alloy.  

Figure S. 17 to Figure S. 20 shows the elemental EDX mapping for all alloys that are pre-

oxidized after every coking-decoking cycle without continuous addition of DMDS during steam 

cracking and without presulfiding the alloys. The 25/35 CrNi alloys in Figure S. 17 appear to 

have fractured oxide layers at the surface of the coupon. Whereas the 35/40 CrNi and 40/48 

CrNi alloys appear to have a continuous oxide layer of 2-3 µm thickness. The Al-containing 

alloy behaves similarly to the previously discussed experiments in this work.  

The SEM images of the materials that are pre-oxidized between every coking-decoking cycle 

with presulfiding and continuous addition of DMDS during steam cracking of ethane, are shown 

in Figure 10 and elemental EDX mapping are given in Figure S. 21 to Figure S. 24 respectively. 

The 25/35 CrNi alloy, Figure S. 21, has high chromium and manganese content and oxide 

spallation on the surface can be observed. Increased carbon growth on these 25/35 CrNi alloys 

in the presence of DMDS has been previously reported23, 25, 51. Jakobi et al. reported that under 

increased carbon growth and carburizing conditions chromium oxide to carbide transformations 

was seen mainly in the intermediate chromium oxide layer until it was completely transformed 

and that, after one coking-decoking cycle, the surface of the sample was covered by coral-like 

material consisting of small oxides of chromium or chromium and manganese. It was found 

that addition of DMDS indirectly intensifies the deterioration of oxide by reducing the Cr-Mn-

spinel on the outer layer of chromium oxide with concomitant formation of small crystals of 

MnO and of MnS particles that grow with the coke39, 45. The observed oxide spallation leaves 

the iron and nickel in the matrix exposed to the reducing reaction environment, therefore 

causing the increase in coking rates which are consistent with the experimental observations in 

Figure 8. It can be observed from Figure S. 22 and Figure S. 24 that the 35/45 CrNi alloy has a 

thicker oxide layer by at least 1 µm compared to the 40/48 CrNi alloy. 



14 
 

The continuous addition and presulfiding of DMDS with pre-oxidation between every coking-

decoking cycle, Figure 8, results in a similar overall trend as compared to the experiments 

labelled as CA+PreS in Table 2. As noted in Table S. 5 and Table S. 6 and in agreement with 

previous work51, there is no influence of cyclic aging on carbon oxide(s) formation, the relative 

difference between “Blank” and “CA+PreS” compared to “Pre-O all CC – Blank, CA+PreS” 

experiments remain the same. It should be noted that the catalytic coking rates of the Al-

containing alloy is 17 % lower when pre-oxidized before every coking cycle. A similar trend 

can also be noticed in pyrolytic coking rates in Figure 8 bottom, where the 40/48 CrNi and Al-

containing alloys show similar coking rates after aging, i.e. in the eight coking cycle. From 

comparison of Table 11 and Table 13, we can observe that the surface composition of the Al-

containing alloy is slightly increased in aluminum content. 

3.3. Pre-oxidation temperature 

The temperature of the initial pre-oxidation step in Table 1, was increased from 1023 K to 1223 

K in the presence of air. The increase in temperature is to enable development of the surface 

alpha-alumina layer on the Al-containing alloy that is fully formed at temperatures of 1223 K 

and higher 39. In comparison to the CA+PreS labelled experiments, Table 2, the Al-containing 

alloy outperforms itself significantly when pre-oxidized at 1223 K by approximately 50 % in 

terms of coking rates. From Table 6, the overall performance of alloys are similar, except for 

the Al-containing alloy, which performs marginally better than the 40/48 CrNi alloy after aging, 

i.e. in its eight coking-decoking cycle. EDX analysis of the Al-cont. sample pre-oxidized at 

1223 K in air for 12 hours, showed that the amount of Fe and Ni on the surface is reduced by 

60% as compared to previous research19, where pre-oxidation was performed at 1023 K. This 

seems to indicate that increasing the pre-oxidation to 1223 K further enriches the Al content at 

the surface, the formation of a surface α-Al2O3 layer remains incomplete. As reported by I. 

Levin et al.52 and D. Jakobi  et al.45, a fully developed α-Al2O3 layer at the surface requires 
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temperatures above 1223 K. Consequently, this makes the Al-containing alloy better in terms 

of coking rates than the rest of the alloys. There is no influence of the pre-oxidation temperature 

on carbon oxide(s) formation during steam cracking as long as the coils are presulfided and 

continuously fed with DMDS during the operation. Similar observations can be made from 

Table 14, the surface composition of the Al-containing alloy shows an increased aluminum 

content, compared to Table 11. Both, Fe and Ni content in all four materials are reduced by 

approximately 10 to 15 percent (Table 14). This is most likely the explanation for the lower 

coking rates, which are in line with the SEM and EDX observations.   

From the supporting information (Figure S. 25 to Figure S. 28) the 25/35 CrNi and 35/45 CrNi 

alloys suffer from oxide spallation, leading to higher coking rates, as observed from  Figure 9 

and Figure 8. The Al-containing alloy (Figure S. 27) displayed a slightly thicker and more 

homogenous oxide layer in comparison to CA+PreS labelled experimental conditions (Figure 

S. 15). The coking rates for the Al-containing alloy in Figure 9 are the lowest compared to all 

other materials. From Figure S. 28, the 40/48 CrNi oxide layer has a significantly larger 

chromium and manganese content in the oxide layer at the surface of the coupon.  

4. Conclusions 

Four different super alloys were experimentally evaluated under seven different conditions in 

terms of anti-coking performance. These results show that coke reduction attributed to sulfur 

pretreatment or continuous addition, prior/subsequent to cracking, is indeed a myth. Sulfur 

promotes coke formation, both for NiCr and Al containing high temperature alloys, rather than 

suppressing it. Sulfur addition as pretreatment or continuous addition is primarily beneficial to 

suppress carbon oxide(s). Overall, the worst performance was observed for the 25/35 CrNi 

alloy. In the absence of DMDS, the Al-containing material had a two to three times higher 

coking rate than the other non-Al alloys tested. Dosing of the optimal amount of DMDS is thus 
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crucial for CrNi alloys. When DMDS was added continuously in the feed, the best performance 

was observed for the CrNi alloy with the highest Cr content, while the worst performance was 

shown for the 25/35 CrNi alloy at initial pre-oxidation temperature at 1023 K. The effect of 

presulfiding is more pronounced in terms of coking rates when applied on a Blank run than on 

a CA run. Cyclic aging of the alloys in presence of DMDS has an effect on the CrNi alloys, 

high chromium and manganese content and oxide spallation for the 25/35 CrNi and 35/45 CrNi 

alloys were observed. When performing a high-temperature pre-oxidation at 1223 K, the Al-

containing alloy has the most stable behavior in terms of coking, performing better than all 

CrNi alloys. The CrNi alloys showed a decrease in coke resistance with an increase of the initial 

pre-oxidation temperature to 1223 K, for which 25/35 CrNi and 35/45 CrNi alloys showed 

spallation of the oxide layers. The presence of Cr, Mn and Al on top of the surface is able to 

improve the anti-coking behavior of an alloy, but their relative anti-coking performance proves 

to be strongly dependent on the relative amounts of Cr-Ni content. According to the results, Al-

containing samples show better resistance to coke formation for ethane cracking. A thin, but 

uniform, α-Al2O3 layer is formed on top of the surface after exposing to high temperature pre-

oxidation, which is stable and has no observed oxide spallation. Therefore, the Al-containing 

alloy will only perform better when the initial pre-oxidation temperature is set at least at 1223 

K, leading to lower and more stable coking rates.
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Nomenclature 

A  Atomic mass of element [ g.mol-1 ] 

DMDS  dimethyl disulfide 

EDX   Energy Dispersive X-ray analysis 

FID  Flame Ionization Detector 

F  Flow rate [ 10-6 kg s-1 ] 

H  Penetration depth [ µm ] 

CCi   Coking-decoking Cycle number, i 

JSR  Jet-stirred reactor 

L  Nominal thickness [ μm ] 

mtj   mass of coke at time j [ kg ] 

MOT   maximum operating temperature [ K ] 

Mc  amount of coke deposited on the sample [ g ] 

Ptot   reactor pressure [ MPa ] 

P/E   ratio of propylene [ wt %] to ethylene [ wt % ] 

 Rα  mean surface roughness [ μm ] 

rc   coking rate [ kg·s−1·m−2 ] 
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rc, initial  initial catalytic coking rate [ kg·s−1·m−2 ] 

rc, asymptotic asymptotic coking rate [ kg·s−1·m−2 ] 

rx-y  average coking rate in between the given time intervals [ kg·s−1·m−2 ]  

RGA   Refinery Gas Analyzer 

S   surface area of the coupon [ m2 ] 

SEM   Scanning Electron Microscopy 

TCD  Thermal Conductivity Detector 

T  temperature [K] 

V  Accelerating voltage [kV] 

z  Atomic number 

Greek 

δ  dilution [ kg·kg−1 ] 

ρ  Density of the material [ g.cm-3 ] 

τ  mean residence time [ s ] 

 

Supporting Information for Publication 

A short description regarding the SEM and EDX results together with figures and tables that 

guide the reader through the publication content are given in the supporting information. This 

information is available free of charge via the Internet on http://pubs.acs.org. 
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Figure 1: Diagram of the thermogravimetric set-up for the study of coke deposition during 

steam cracking of ethane. Reprinted with permission from ref. 42. Copyright (2017) 

American Chemical Society.  
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Figure 2 Overview of the variation in experimental conditions during steam cracking of 

ethane.  
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Figure 3: Effect of catalytic (top) and pyrolytic (bottom) coking rates for the blank runs for 

the four different alloys tested. Ethane steam cracking: FHC= 29.18 x 10-6 kg s-1, δ= 0.33 kgH2O 

kg-1
HC, Treactor= 1173 K, P= 101.35 kPa, FH2O=9.72 x 10-6 kg s-1. 
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Figure 4: Effect of continuous addition of sulfur on catalytic (top) and pyrolytic (bottom) 

coking rates for the four different alloys tested. Ethane steam cracking: FHC= 29.18 x 10-6 kg 

s-1, δ= 0.33 kgH2O kg-1
HC, Treactor= 1173 K, P= 101.35 kPa, FH2O=9.72 x 10-6 kg s-1.    
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Figure 5: Effect of presulfiding on catalytic (top) and pyrolytic (bottom) coking rates for the 

four different alloys tested. Ethane steam cracking: FHC= 29.18 x 10-6 kg s-1, δ= 0.33 kgH2O kg-

1
HC, Treactor= 1173 K, P= 101.35 kPa, FH2O=9.72 x 10-6 kg s-1. 
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Figure 6: Effect of continuous addition and presulfiding of sulfur on catalytic (top) and 

pyrolytic (bottom) coking rates for the four different alloys tested. Ethane steam cracking: 

FHC= 29.18 x 10-6 kg s-1, δ= 0.33 kgH2O kg-1
HC, Treactor= 1173 K, P= 101.35 kPa, FH2O=9.72 x 

10-6 kg s-1. 
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Figure 7: Effect of pre-oxidation on all coking-cycles with blank runs on catalytic (top) and 

pyrolytic (bottom) coking rates for the four different alloys tested. Ethane steam cracking: 

FHC= 29.18 x 10-6 kg s-1, δ= 0.33 kgH2O kg-1
HC, Treactor= 1173 K, P= 101.35 kPa, FH2O=9.72 x 

10-6 kg s-1. 
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Figure 8: Effect of pre-oxidation on all coking-cycles with continuous addition and 

presulfiding on catalytic (top) and pyrolytic (bottom) coking rates for the four different alloys 

tested. Ethane steam cracking: FHC= 29.18 x 10-6 kg s-1, δ= 0.33 kgH2O kg-1
HC, Treactor= 1173 K, 

P= 101.35 kPa, FH2O=9.72 x 10-6 kg s-1. 



27 
 

 

Figure 9: Effect of initial pre-oxidation temperature at 1223 K on catalytic (top) and pyrolytic 

(bottom) coking rates for the four different alloys tested. Ethane steam cracking: FHC= 29.18 x 

10-6 kg s-1, δ= 0.33 kgH2O kg-1
HC, Treactor= 1173 K, P= 101.35 kPa, FH2O=9.72 x 10-6 kg s-1. 
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Figure 10: Scanning electron microscopy images of the coked coupons after pre-oxidizing 

between individual coking-decoking cycles with presulfiding and continuous addition of 

sulfur; (A) 25/35 CrNi (B) 35/45 CrNi (C) Al-cont. (D) 40/48 CrNi. All the images are 

captured with accelerating voltage of 12 kV. 
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Table 1: Operational procedures and conditions during pretreatment, decoking and cracking 

  
Process step Alloy Duration 

Temperature 
(K) 

Gas feed flow (Nl/s) Water flow 
(10-6 kg s-1) N2 Ethane Air 

  Initial pre-
oxidation 

Common 
12-14 
hours 

1023 
or 1223 K 

- - 0.0067 - 

P
re

tr
ea

tm
en

t Pretreatment (or 
Decoking) 

Ni-Cr-Fe 
30 

minutes 
from 1023 to 

1173 K 
0.0083 - 0.0083 - 

Al-cont. 
15 

minutes 
1023 K - - 0.0083 - 

Steam Treatment 

Ni-Cr-Fe 
15 

minutes 
1173 K - - 0.0083 6.7 

Al-cont. 
45 

minutes 
from 1023 to 

1173 K 
- - - 6.7 

P
re

S*
 

Presulfiding Common 
30 

minutes 
1100 K - - - 5.6 

St
ea

m
 

C
ra

ck
in

g 

1st coking cycle Common 6 hours 1173 K - 0.0241 - 9.7 

D
ec

ok
in

g 

Pretreatment (or 
Decoking) 

Ni-Cr-Fe 
30 

minutes 
from 1023 to 

1173 K 
0.0083 - 0.0083 - 

Al-cont. 
15 

minutes 
1023 K - - 0.0083 - 

Steam Treatment 
Ni-Cr-Fe 

15 
minutes 

1173 K - - 0.0083 6.7 

Al-cont. 
45 

minutes 
from 1023 to 

1173 K 
- - - 6.7 

P
re

S*
 

Presulfiding Common 
30 

minutes 
1100 K - - - 5.6 

St
ea

m
 

C
ra

ck
in

g 

Next coking cycle Common 6 hours 1173 K - 0.0241 - 9.7 

* PreS : presulfiding is applied after the pretreatment only for the presulfided experiments  
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Table 2: Summary of experimental labels based on the conditions 

Label Experimental conditions 

Blank 
No addition of DMDS before or during 

cracking 

PreS Presulfiding is performed before cracking 

CA 
DMDS is added continuously diluted in the 

water 

CA + PreS 
A presulfiding step is performed, while 

DMDS is also fed during cracking 

PreO all CC (Blank) 
Pre-oxidation is performed before all the 

coking cycles without sulfur before or 
during cracking 

PreO all CC (CA + PreS) 
Pre-oxidation is performed before all the 

coking cycles, followed by CA + PreS step 

PreO at 1223 K (CA + PreS) 
Pre-oxidation is performed once at 1223 K 
before first coking cycle, followed by CA + 

PreS step 
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Table 3: Catalytic and asymptotic coking rates during the blank and presulfiding (PreS) runs 

for the four different alloys tested 

Experiment 
Blank 

25/35 CrNi 35/45 CrNi 40/48 CrNi Al-containing 
In

it
ia

l c
ok

in
g 

ra
te

   
   

   
   

   
   

 
[1

0-6
 k

g/
s/

m
2 ]

 

cc  
 

 
 

1 0.71 0.50 0.44 1.04 

2 0.67 0.79 0.74 1.77 

3 0.86 0.62 0.58 1.87 

4 0.85 0.55 0.54 1.93 

5 0.96 0.64 0.62 2.02 

6 0.97 0.66 0.64 1.90 

7 0.67 0.57 0.55 1.79 

8 0.63 0.50 0.46 1.82 

A
sy

m
pt

ot
ic

 
co

ki
ng

 r
at

e 
   

  
[1

0-6
 k

g/
s/

m
2 ]

 cc   
  

1 0.22 0.15 0.14 0.38 

2 0.22 0.17 0.17 0.41 

3 0.23 0.15 0.14 0.47 

8 0.21 0.16 0.15 0.52 
 PreS 

In
it

ia
l c

ok
in

g 
ra

te
   

   
   

   
   

   
 

[1
0-6

 k
g/

s/
m

2 ]
  

cc   
 

 

1 0.63 0.65 0.67 1.04 

2 0.87 0.85 0.82 1.06 

3 1.04 1.06 0.68 1.53 

4 0.91 0.81 0.81 2.19 

5 1.68 1.46 0.91 2.48 

6 2.34 1.64 0.87 1.62 

7 2.71 1.71 0.71 1.61 

8 1.36 1.26 0.68 1.83 

A
sy

m
pt

ot
ic

 
co

ki
ng

 r
at

e 
   

  
[1

0-6
 k

g/
s/

m
2 ]

  cc     
1 0.57 0.54 0.28 0.55 

2 0.45 0.42 0.35 0.29 

3 0.51 0.49 0.36 0.37 

8 0.63 0.53 0.34 0.56 

 
  



32 
 

Table 4: Catalytic and asymptotic coking rates during the continuous addition of sulfur (CA) 

and presulfiding with continuous addition (CA+PreS) experiments 

Experiment 
CA 

25/35 CrNi 35/45 CrNi 40/48 CrNi Al-containing 
In

it
ia

l c
ok

in
g 

ra
te

   
   

   
   

   
   

 
[1

0-6
 k

g/
s/

m
2 ]

  

cc         
1 3.03 2.07 0.94 1.13 

2 4.74 1.44 0.60 1.28 

3 4.23 2.11 0.92 1.26 

4 5.85 1.78 0.91 1.64 

5 6.45 1.83 1.39 1.55 

6 6.42 1.80 0.96 1.58 

7 6.39 1.77 0.84 1.64 

8 5.29 2.20 0.99 1.24 

A
sy

m
pt

ot
ic

 
co

ki
ng

 r
at

e 
   

  
[1

0-6
 k

g/
s/

m
2 ]

  cc         

1 1.53 1.11 0.72 0.74 

2 1.43 1.00 0.48 0.75 

3 1.61 1.02 0.67 0.79 

8 2.47 1.23 0.40 0.79 

Experiment CA + PreS 

In
it

ia
l c

ok
in

g 
ra

te
   

   
   

   
   

   
 

[1
0-6

 k
g/

s/
m

2 ]
  

cc         
1 6.28 2.32 1.08 1.19 

2 3.39 1.61 1.05 1.42 

3 3.63 2.36 1.06 1.60 

4 5.28 1.87 1.11 2.04 

5 5.78 1.92 1.62 1.96 

6 6.43 1.89 1.26 2.10 

7 4.12 1.86 1.06 1.96 

8 5.42 2.31 1.10 1.72 

A
sy

m
pt

ot
ic

 
co

ki
ng

 r
at

e 
   

  
[1

0-6
 k

g/
s/

m
2 ]

  cc         

1 4.17 1.15 0.80 0.87 

2 2.79 1.06 0.72 0.86 

3 2.91 1.10 0.72 1.06 

8 2.89 1.38 0.53 1.02 
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Table 5: Catalytic and asymptotic coking rates during pre-oxidation between the coking 

cycles (Pre-O all CC) on blank and presulfiding with continuous addition (CA+PreS) 

experiments 

Experiment 
Pre-O all CC – Blank 

25/35 CrNi 35/45 CrNi 40/48 CrNi Al-containing 

In
it

ia
l c

ok
in

g 
ra

te
   

   
   

   
   

   
 

[1
0-6

 k
g/

s/
m

2 ]
 

cc     

1 0.72 0.51 0.45 1.10 

2 0.71 0.55 0.51 1.20 

3 0.65 0.61 0.55 1.35 

4 0.61 0.58 0.58 1.45 

5 0.68 0.61 0.60 1.65 

6 0.75 0.62 0.55 1.65 

7 0.53 0.60 0.53 1.59 

8 0.55 0.61 0.41 1.61 

A
sy

m
pt

ot
ic

 
co

ki
ng

 r
at

e 
   

  
[1

0-6
 k

g/
s/

m
2 ]

 cc     

1 0.22 0.15 0.14 0.37 

2 0.21 0.14 0.14 0.35 

3 0.23 0.13 0.12 0.41 

8 0.21 0.15 0.13 0.42 

Experiment Pre-O all CC – PreS + CA 

In
it

ia
l c

ok
in

g 
ra

te
   

   
   

   
   

   
 

[1
0-6

 k
g/

s/
m

2 ]
 

cc     

1 6.10 2.01 1.05 1.10 

2 5.50 2.10 0.90 1.10 

3 4.91 2.05 0.95 1.19 

4 4.50 1.90 1.00 1.35 

5 4.82 1.95 1.15 1.45 

6 4.50 2.10 1.15 1.49 

7 4.18 1.95 0.95 1.60 

8 4.59 2.02 0.91 1.38 

A
sy

m
pt

ot
ic

 
co

ki
ng

 r
at

e 
   

  
[1

0-6
 k

g/
s/

m
2 ]

 cc     

1 4.05 1.21 0.75 0.85 

2 3.85 1.05 0.60 0.85 

3 3.50 1.20 0.65 1.05 

8 3.05 1.25 0.78 0.81 
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Table 6: Catalytic and asymptotic coking rates after high temperature per-oxidation at 1223 K 

with presulfiding and continuous addition experiments 

Experiment PreO at 1223 K – PreS + CA 

    25/35 CrNi 35/45 CrNi 40/48 CrNi Al-containing 
In

it
ia

l c
ok

in
g 

ra
te

   
   

   
   

   
   

 
[1

0-6
 k

g/
s/

m
2 ]

  

cc         

1 5.40 1.95 0.85 0.56 

2 3.10 1.91 0.95 0.75 

3 2.85 2.21 0.90 0.85 

4 4.40 2.35 0.98 1.20 

5 5.20 2.29 1.15 1.25 

6 5.50 2.43 1.25 1.40 

7 4.95 2.95 1.05 1.45 

8 4.80 2.74 0.95 0.90 

A
sy

m
pt

ot
ic

 
co

ki
ng

 r
at

e 
   

  
[1

0-6
 k

g/
s/

m
2 ]

  cc         

1 3.20 1.14 0.85 0.55 

2 3.54 1.11 0.78 0.50 

3 3.75 1.19 0.75 0.48 

8 3.45 1.41 0.73 0.70 
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Table 7. Elemental composition of fresh coupons determined by SEM with EDX. 

Material 25/35 CrNi 35/45 CrNi Al-containing 40/48 CrNi 
Elements [ wt % ] 

Fe 37 17 23 9 
Ni 35 45 45 48 
Cr 25 35 25 40 
Al -   4 - 

Nb, Mn, Ti add add add add 

 

Table 8: Top surface elemental composition of the coked samples for the Blank runs with 

accelerating Voltages of 20 kV. 

Blank run 
25/35 
CrNi 

35/45 
CrNi 

Al-
containing 

40/48 
CrNi 

Elements coked samples ( wt %) 

Ni 3.6 1.7 16.4 2.3 
Fe 4.5 1.9 9.7 0.6 
Cr 77.5 64 20.6 80.9 
Si 0.5 1.3 2 1 

Mn 13.3 30.5 - 14.8 
Nb 0.5 0.5 1 0.4 
Al - - 50.3 - 

 

Table 9: Top surface elemental composition of the coked samples for the CA runs. With 

accelerating Voltage of 20 kV. 

CA 
25/35 
CrNi 

35/45 
CrNi 

Al-
containing 

40/48 
CrNi 

Elements coked samples ( wt %) 

Ni 10.3 2.1 20.2 2.3 
Fe 9.1 2.6 11.2 0.6 
Cr 62.1 63 18.9 80.9 
Si 2.1 1.3 1.2 1 

Mn 15.5 30.7 - 15.2 
Nb 0.9 - 0.4 0.4 
Al - - 48 - 
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Table 10: Top surface elemental composition of the coked samples for the PreS runs with 

accelerating Voltage of 20 kV. 

PreS 
25/35 
CrNi 

35/45 
CrNi 

Al-
containing 

40/48 
CrNi 

Elements coked samples ( wt %) 

Ni 16.2 13 10 10.2 
Fe 15.7 15.5 9.6 2.3 
Cr 51.5 60.5 13.9 62.9 
Si 4.1 1.5 5.5 2.3 

Mn 11.3 8.7 3.6 19.6 
Nb 1.2 0.8 3.1 2.8 
Al - - 54.4 - 

 

Table 11: Top surface elemental composition of the coked samples for the CA + PreS runs with 

accelerating Voltage of 20 kV. 

CA + PreS 
25/35 
CrNi 

35/45 
CrNi 

Al-
containing 

40/48 
CrNi 

Elements coked samples ( wt %) 

Ni 21.7 13.1 10.1 10.6 
Fe 24.1 15.4 9.6 2.3 
Cr 40 60.3 13.7 62.5 
Si 4.1 1.4 5.9 2.5 

Mn 9.1 9 3.2 19.4 
Nb 1 0.8 3.5 2.7 
Al - - 54 - 

 

Table 12: Top surface elemental composition of the coked samples for the PreO all CC (Blank) 

runs with accelerating Voltage of 20 kV. 

PreO all CC (Blank) 
25/35 
CrNi 

35/45 
CrNi 

Al-
containing 

40/48 
CrNi 

Elements coked samples ( wt %) 

Ni 3.5 1.95 12.5 2.12 
Fe 3.78 1.81 8.23 0.48 
Cr 79.8 65.75 23.5 80.36 
Si 0.4 0.5 1.59 0.86 

Mn 12.2 29.55 - 15.8 
Nb 0.32 0.44 0.87 0.38 
Al - - 53.31 - 
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Table 13: Top surface elemental composition of the coked samples for the PreO all CC (CA + 

PreS) runs with accelerating Voltage of 20 kV. 

PreO all CC (CA + PreS) 25/35 CrNi 
35/45 
CrNi 

Al-
containing 

40/48 
CrNi 

Elements coked samples ( wt %) 

Ni 19.87 10.35 6.54 8.78 
Fe 21.45 14.56 11.23 1.85 
Cr 42.2 62.16 15.2 65.8 
Si 5.36 1.98 4.89 2.67 

Mn 10.23 10.2 2.89 18.36 
Nb 0.89 0.75 4.1 2.54 
Al - - 55.15 - 

 

 Table 14: Top surface elemental composition of the coked samples for the PreO at 1223 K runs 

with accelerating Voltage of 20 kV. 

PreO at 1223 K (CA + PreS) 25/35 CrNi 35/45 CrNi 
Al-

containing 
40/48 
CrNi 

Elements coked samples (wt %) 

Ni 17.6 9.36 8.63 8.3 
Fe 21.32 14.3 8.12 2.4 
Cr 46.36 64.98 17.23 63.96 
Si 3.65 1.65 3.65 2.14 

Mn 10.07 8.91 2.36 20.8 
Nb 1 0.8 2.93 2.4 
Al - - 57.08 - 
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