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Abstract
Prior studies found that the carburization tendency is negligible for technically-developed
materials at temperatures below 900°C, especially for Al-containing alloys compared to non-
Al-containing alloys applied in steam cracking reactors. However, it is unclear whether this
benefit remains at higher temperatures. This work compared coke deposition tendencies of
recently developed alloys to each other and to a conventional material when cracking ethane at
a higher temperature (950°C) than previously reported. Under the studied experimental
conditions, coking rates vary in the range of 1.22x10° kg.m2.s and 20.5x10° kg.m?2.s* for
Al-containing alloys, while for non-Al-containing alloys, coke deposition rates fall in a range
between 4.95x10% kg.m?2.st and 33x10° kg.m2.s™. In general, aluminum-containing alloys
showed less coke formation and improved stability against aging after five cracking cycles
compared to the non-aluminum-containing materials. The results also showed that substantially
less, if any, carburization could be detected in developed alloys even at high temperatures, in
contrast to the results from a reference conventional alloy of 27/34 Cr-Ni. At higher
temperatures, the protective oxide surface layer of the Al-containing alloys remained noticeably
durable and integrated with negligible spallation compared to the ones of non-Al-containing
alloys. In fact, the 27/34 Cr-Ni alloy showed the highest coking rate and carburization, implying
the most vulnerable oxide surface layer relative to the other alloys. However, EDX results
showed no signs of carburization or deterioration of the surface of 27/34 Cr-Ni after
experiments at 880°C, indicating that both the temperature and matrix composition can play

significant roles in determining the suitability of an alloy for application in steam crackers.

Keywords: Steam Cracking; Coke Formation; Ethane; Surface Technology; Carburization



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

1. INTRODUCTION

Steam cracking is one of the main processes for producing a wide range of base chemicals such
as ethylene, propylene, and other olefins for industrial usage. This process is often called the
heart of a petrochemical plant 3. During steam cracking, side products are formed that
subsequently convert to coke deposition on the inner walls of cracker furnaces. This undesired
phenomenon causes pressure build-up over the tubular coils and increases their resistance
against heat transfer to the process gas *. This implies that higher heating rates are required,
done by increasing the burning fuel flow to the furnaces to enhance the heat supply to the outer
wall of the coils. At a certain point, when the wall temperature reaches the metallurgically
maximum allowed limit or the pressure drop in the reactor elevates to around 150 kPa °, the
cracker furnace needs to be shut down and decoked by feeding a mixture of steam/air for a
certain period of time 5°. Coke formation limits the so-called run-length of a furnace ****, and
therefore increases the maintenance cost and shortens the lifetime of the coil due to thermal
cycling 2.

In order to reduce coke formation in reactor furnaces, researchers have examined numerous
methodologies, mostly categorized into three groups: 3D reactor technology © 1316 syrface
modification "?°, and feed additives * 3°-1, Surface technologies, the focus of this work, aim
to mitigate or eliminate catalytic coke formation by covering up the surface catalytic sites
(nickel and iron). In fact, at the beginning of the reaction, highly active catalytic sites on the
surface of the metals are in direct contact with the carbon-rich atmosphere. In this situation,
hydrocarbons are chemisorbed on the catalytic sites and, subsequently, lose hydrogen by
dehydrogenation reactions leaving behind carbon deposits 3> 4243, Considering the high coking
rate at this period of time, alleviating this phenomenon can be done by protecting with a coating
layer or developing an oxide layer on the coil surfaces. Having catalytic sites covered with a

protective layer not only prevents catalytic coke formation but also indirectly hinders
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asymptotic coke, forming in between and on top of carbon filaments. In this regard, some
proposed that adding more manganese and chromium in bulk develops a rigid Mn-Cr spinel on
the alloy's surface and increases resistance against coking %44, Others found that the tendency
for coke formation is negligible for Al-containing alloys and that those have a superior behavior
against coke formation compared to non-Al-containing alloys due to the formation of a
protecting Al-O layer on the surface that reduces its catalytic activity 7. Jakobi et al.
concluded that adding an optimized amount of aluminum to the metallurgical matrix of a Ni-
Fe-based alloy strengthens the oxide layer initially formed during pretreatment 8. The majority
of these studies, however, focus on temperatures that correspond to the beginning of the
cracking cycle 26:27:47.49-51 For instance, Mufioz et al. have compared the coking behavior of
different superalloys at 881°C ’. In another work, Sarris et al. studied the aging and coke
tendency of a 35/25 Ni/Cr alloy at 900°C *.

Although surface technologies can introduce a coking resistant surface oxide film on the inner
surface of the coil, there is still an open question of whether the surface oxide layer can keep
its integrity at temperatures ranging up to 950°C that occur towards the end of typical industrial
steam cracking cycles. This is particularly important because if the film is not durable and stable
enough, it will deteriorate, disintegrate and even detach from the bulk due to the thermal shock
imposed by alternating coking/decoking cycles. This creates potential spots for penetration of
carbon particles into the coil material, induced by the carbon concentration gradient between
the surface and bulk of the coil. As a result, carbon dissolves and penetrates into the coil and
forms bulk carbides, which can eventually alter the alloy's mechanical properties and hence the
lifetime of the coil L. This phenomenon is often referred to as carburization and is found in
conventional steam cracker coil materials. Even though several promising surface technologies
have been found to reduce coke formation, to the best of our knowledge, there are no studies

that elaborate on the resistance of commercially available superalloys against phenomena such
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as carburization at the high temperature studied in this work. This is of significant interest to
plant manufacturers since higher coking rates and more intense carburization can be expected
at higher cracking temperatures.
The objective of this work is to cover the knowledge gap regarding the resistance of commercial
and recently developed (super) alloys against coke formation and carburization. This was done
by comparing their behavior to each other and to that of conventional 27/34 Cr-Ni alloy during
ethane cracking at temperatures up to 950°C. This study aims to evaluate whether recently
developed surface technologically modified alloys can tolerate the severe conditions that occur
towards the end of industrial cracking cycles. For this purpose, several steam cracking
experiments with intermittent decoking were performed on a dedicated electrobalance unit that
allows real-time measurement of coke formation. The experiments were conducted with
materials that differ in their surface composition and treatment of the surface to improve their
resistance against coking. Ethane cracking is studied at 880°C for the first four hours, and then
the temperature is raised to 950°C for the last 2.5 hours of the cracking cycle to mimic steam
cracker conditions near the end of their cycle. After five cracking cycles, the surface
morphology and composition of the alloys are further analyzed with scanning electron
microscopy (SEM) and energy dispersive X-ray (EDX) to study whether oxide layer destruction
or carburization took place.

2. EXPERIMENTAL SECTION
This section elaborates on the used alloys, the used experimental apparatus, the experimental
procedure, and the dedicated analysis equipment.
2.1 . Alloy materials
Five different coil materials are studied during the cracking of ethane. They differ in bulk

composition and surface treatment, allowing them to cover a wide range of alloys being used

in industry. These materials are further referred to as Al-Enhanced, 33/43 Cr-Ni, Al-Coated,
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Cr-Mn-Coated, and 27/34 Cr-Ni alloys. The first four materials are engineered to reduce coke
formation, while the latter one is a conventional alloy used in steam crackers. The detailed
compositional analysis of the coupons carried out by energy dispersive X-ray (EDX) with an
accelerating voltage of 20 kV on the surface is given in Table 1. Two of the coupons contain
aluminum either as the alloying element in the crystallographic structure named Al-Enhanced,
or precoated by the manufacturer with an enriched layer of Al on top of the surface, namely Al-
Coated. That is also the case for Cr-Mn-Coated, but here a layer of enriched Mn-Cr has been
applied on top of the surface by the manufacturer. 33/43 Cr-Ni and 27/34 Cr-Ni differ mainly
in their content of Ni and Cr.

Table 1. Characteristics of coupons using EDX analysis on the surface

with the accelerating voltage of 20 kV (Al-Enhanced, Al-Coated, 33/43

Cr-Ni, and Cr-Mn-Coated alloys are engineered to reduce coking while
27/34 Cr-Ni is a conventional alloy).

Composition (wt%)
Material

Cr Fe Ni Mn Si Al

Al-Enhanced 30.5 21.0 44.6 0.1 0.1 3.7
Al-Coated 18.9 18.5 15.2 0.0 0.2 47.2
33/43 Cr-Ni 35.6 14.8 46.8 1.2 1.6 0.0
Cr-Mn-Coated  53.2 4.6 5.5 34.4 2.2 0.0

27/34 Cr-Ni 27.3 34.8 34.6 1.3 1.9 0.0

2.2 . Electrobalance Unit

The unit is described in detail in several publications of Mufioz et al. 152 %3, An explanation
relevant to this work is given here. The unit consists of three parts: the feed section, the reaction
section, and the analysis section. In the feed section, ethane (Air Liquide, 99.5%), dimethyl
disulfide (DMDS, Thermo Fisher Scientific, 99%) solution in water, and analytical gases of

nitrogen, air, and helium with the minimum purity of 99.999% are controlled via Coriolis mass
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flow controllers (Bronkhorst, the Netherlands). In the cracking phase, ethane and the DMDS
solution enter the heater (200°C) and steam generator (200°C), respectively, and then, they mix
with a joint (200°C). The homogeneous output first enters the heating switch valve (350°C) and
then the first preheater, for which the temperature is set to 450°C. Next, the last preheater
increases the temperature of the gas phase just before entering the radiation section to 650°C.
The steam cracking reaction happens in a quartz tubular reactor. In this zone, the electrically
heated furnace heats up the reaction part, and the gas phase temperature is monitored by
inserting a regulating K-type thermocouple with the accuracy of +3.2°C inside a thermowell
which is positioned near the coupon where coke formation takes place. In the tubular reactor, a
coupon is placed with a surface area of 196 mm? (10x8x2mm). This coupon is cut from the
inner wall of an industrial tubular coil using wire-cut electrical discharge machining (EDM)
with an accuracy of 1 um. As the coke deposits on the coupon, the magnetic suspension balance
(MSB) measures the weight using a Kanthal wire connecting the coupon to the MSB device
with an accuracy of 0.01 mg. After that, an oil cooler quenches the reactor effluent to a
temperature of 400°C to stop the cracking reactions. Part of the product is sent to a TRACE
Ultra GC with a FID detector for compositional analysis from methane to naphthalene. The
other part of the effluent is condensed in the secondary cooler to eliminate heavy components;
then, the remaining components are transferred to a refinery gas analyzer (RGA) with two TCD
and one FID detectors to identify compounds up to C4, i.e., the Cs. fraction. Nitrogen is used
as a primary internal standard for the RGA, and methane as a secondary standard for compounds
from C5 onwards, i.e., the Cs+ fraction. Figure 1 illustrates the simplified block flow diagram

of the experimental apparatus.
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Figure 1. Schematic of the electro-balance tubular reactor unit for studying coke deposition on
different coil materials.
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2.3 . Experimental Procedure

Each experiment conducted on the electro-balance unit includes a pretreatment step
(preoxidation), presulfidation, and five cracking cycles, each followed by a decoking step
except for the last one. The procedure involves five cracking cycles to assess the aging
characteristics of the used coupons. The simplified schematic of the procedure is illustrated in
Figure 2. Also, Table 2 contains information on the experimental runs for each of the studied

coupons, and in the following paragraphs, all of the steps are discussed in detail.

800 °C 800 °C 800 °C 800 °C 800 °C 800 °C 950 °C
Steam DMDS C,Hg + H,O +| Steam + Air DMDS C,Hg + H,O + | Steam + Air DMDS C,Hg+ H,O +
Solution Solution Solution DMDS

/, Time

Presulfidation | 5" Cracking

Preoxidation | Presulfidation | 1t Cracking | 1%t Decoking |Presulfidation | 2nd Cracking | 2" Decoking
Cycle Cycle Cycle Cycle Cycle
6.5 hrs. 45 min 6.5 hrs. 45 min 6.5 hrs.

Figure 2. simplified schematic of experimental procedure for ethane steam cracking. There is
no preoxidation step for Al-Coated and Cr-Mn-Coated alloys.

Before the first cracking cycle, pre-oxidation of Al-Enhanced, 33/43 Cr-Ni, and 27/34 Cr-Ni
alloys was performed to improve the protective oxide layer on top of the coupon's surface.

Optimized pre-oxidation temperature programs were applied for these coupons to gain the best
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coking resistance. As for the next cycles, the decoking step regenerates the oxide layer, and
therefore no further pre-oxidation is needed between different cracking cycles. As for the Cr-
Mn-Coated and Al-Coated alloys with the oxide layer thickness of 3.5 and 1.0um, respectively,
no pre-oxidation step was required since this was already done during their manufacturing.
Presulfidation was performed at 800°C before each cracking cycle with 300 ppmw
DMDS/water for the experiments on 33/43 Cr-Ni (recommended by the manufacturer) and with
500 ppmw DMDS/water solution for other experiments.

Each of the cracking steps is carried out in a quartz electrobalance unit under typical steam
cracking conditions: gas temperature (Tgas) equal to 880°C (first four hours of cracking cycle)
and 950°C (last 2.5 hours of cracking cycle), pressure (Piota) equal to 1 bar, 82 g/h ethane flow
rate, and a steam dilution (8) of 0.33 kgn2o/kgnc. One experiment with the 27/34 Cr-Ni coupon,
further referred to as the "low temperature experiment”, was performed at 880°C for the whole
duration of 6.5 hrs. The experiment at lower temperatures was performed as a comparison for
the coking and carburization results. In all the experiments, DMDS is added to the steam (i.e.,
13.5 ppmw S/HC) for continuous sulfidation. At the beginning of each cracking cycle, a
temperature drop of almost 20°C is observed because of the endothermic nature of the cracking
reaction.

Following each cracking cycle, a decoking process is done, except for the last cracking cycle,
to preserve the coke layer for further imaging analysis. The decoking procedure is done with
25g/h steam and 0.35 I/min air at 800°C for 45 minutes to gasify the coke deposited on the

coupon and inner wall of the tubular reactor.

Table 2. Experimental procedures of steam cracking reactions with Al-Enhanced, 33/43 Cr-Ni,
Al-Coated, Cr-Mn-Coated, and 27/34 Cr-Ni coupons (high and low temperatures).

Gas Temperature Time
0 Feed Flow Rate
(°C) (hr.)
Al-Enhanced
Pre-oxidation 300-800" 25 g/h steam 12



Pre-sulfidation

155 cracking
cycles

154" decoking
cycle

Pre-oxidation

Pre-sulfidation

155 cracking
cycles

15-4' decoking
cycle

Pre-sulfidation

155" cracking
cycles

15-4' decoking
cycle

Pre-oxidation

Pre-sulfidation

155 cracking
cycles

15-4'" decoking
cycle

Pre-oxidation
Pre-sulfidation

185" cracking
cycles

800 25 g/h steam

800 24 g/h steam + 500 ppmw
DMDS/H20
Low temperature:
880 82 g/h ethane + 27 g/h steam with 41
High temperature: ppmw S/HC
950
800 25 g/h steam + 0.35 liter/min air
33/43 Cr-Ni
300-800? 25 g/h steam
800 25 g/h steam
800 27 g/h steam + 300 ppmw
DMDS/H20
Low temperature:
880 82 g/h ethane + 27 g/h steam with 41
High temperature: ppmw S/HC
950
800 25 g/h steam + 0.35 liter/min air
Al-Coated and Cr-Mn-Coated
800 24 g/h steam + 500 ppmw
DMDS/H20
Low temperature:
880 82 g/h butane + 27 g/h steam with 41
High temperature: ppmw S/HC
950
800 25 g/h steam + 0.35 liter/min air
27/34 Cr-Ni
300-800? 25 g/h steam
800 25 g/h steam
800 27 g/h steam + 300 ppmw
DMDS/H20
Low temperature:
880 82 g/h ethane + 27 g/h steam with 41
High temperature: ppmw S/HC
950
800 25 g/h steam + 0.35 liter/min air
27/34 Cr-Ni (Low Temperature: LowT)
300-8002 25 g/h steam
800 25 g/h steam
800 27 g/h steam + 300 ppmw
DMDS/H>0
Low temperature: 82 g/h ethane + 27 g/h steam with 41
880 ppmw S/HC
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800 25 g/h steam + 0.35 liter/min air 0.75
cycle

! Temperature increases from 300°C to 800°C with ramp 41°C/h
2 Temperature increases from 300°C to 800°C with ramp 41°C/h

2.4 . Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

After five cracking cycles, the top and cross-sections of the coupons were analyzed in terms of
morphology and elemental compositions using scanning electron microscopy (SEM) and
energy dispersive X-ray (EDX). The operating accelerating voltage was chosen to be 15kV in
order to assess all the elements at a reasonable depth of the surface (between 1.5 and 5um >4).
To prepare the coupons for cross-sectional analysis, they were cold-embedded in a fast curing
resin (Varidur 3000) to ensure no damage to the coupons. After hardening the resin, automatic
grinding was done with differently-sized sandpapers, and they were polished to expose the
cross-sectional area of the coupon at a depth of around 1.5 mm. To assess the elemental
concentration of various layers alongside the cross-section, from the coke layer to the bulk,

elemental linescan and mapping EDX analyses seemed beneficial.

3. RESULTS AND DISCUSSION

3.1. Coke Measurements on Different Coupons

The raw balance signal received from the MSB contains high-frequency noise and is filtered
before it is used to fit Eq. (1), which determines the coke weight as a function of time. The
coefficients A, B, C, and D are determined by least-square regression to the filtered data. The
catalytic and asymptotic coking rates are further achieved by differentiating Eq. (1) in the range
of 15-30 minutes and 90-210 minutes from the cracking cycle's starting point, respectively.
These periods for the catalytic and asymptotic rates were chosen in order to represent the
behavior of the coupon in the catalytic stage, during which the coking rate gradually decreases
due to the accumulation of coke on the catalytically active Ni and Fe sites at the surface of the

coupon to finally reach a constant value, i.e., the asymptotic coking rate, during the non-

11



220 catalytic stage. The weight of deposited coke after 4 hours and the catalytic and asymptotic
221  coking rates for each run are provided in Table 3, Figure 3, and Figure 4. Note that the coke
222 weight and the coking rates do not include measurements at higher temperatures. However,
223 these results demonstrate the effect of the exposure of the alloy to high temperatures on
224  subsequent coking cycles.

coke weight = At + B(1—e “®) + D Eqg. (1)

225  Table 3. Mass of deposited coke, catalytic, and asymptotic coking rates for tested material.

Low

High Temperature (950°C) TetrS feera

(880°C)

Enﬁ;;lce Al- 33/43 Cr-Mn- 27134 27/34

q Coated Cr-Ni coated Cr-Ni Cr-Ni
15t 3.3 61.1 24.8 54.0 72.9 66.8
Coke weidht 2nd 5.0 32.1 13.8 21.6 88.5 52.7
n )9 3rd 4.8 30.8 17.0 195 71.4 44.4
g 4th 35 8.2 21.0 23.2 71.2 51.1
5th 4.7 5.4 18.5 24.7 63.5 39.0
18t 1.4 26.1 11.3 16.2 42.5 41.4
Catalytic 2nd 1.4 13.9 5.0 9.8 36.8 28.3
rate [10°6 31 1.3 12.3 6.3 10.1 28.3 22.7
kg.st.m?] 4t 1.3 3.7 7.0 11.1 29.1 25.5
5th 1.2 2.7 6.7 11.1 25.8 19.8
15t 1.4 19.8 7.4 12.6 27.3 26.6
Asymptotic 2nd 1.3 7.3 3.7 6.1 33.3 22.3
rate [10°6 31 1.3 8.5 6.3 6.4 26.2 18.4
kg.st.m?] 4t 1.3 2.3 7.0 5.9 26.3 22.0
5th 1.2 1.1 6.7 6.3 23.4 18.1

226  The highest amount of coke formation and coking rate throughout the various cracking cycles
227  is observed for the experiments at high temperature with the conventional steam cracker alloy
228  27/34 Cr-Ni. This alloy caused on average, 16.6 times more coke formation than the best
229  performing studied material (Al-Enhanced) and 2.7 times more coke formation than the worst

230  performing alloy of the other engineered materials, i.e., Cr-Mn-Coated at the same condition

12
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(Table 3 and Figure 3). These observations are consistent with the work of Ortiz et al. in which
they obtained 11.1 times more coke with 26/34 Cr-Ni alloy than with aluminum-containing one
5, In another study, 26/34 Cr-Ni alloy formed 6.7 times more coke than aluminum-containing
alloy after 10 coking/decoking cycles 6. Table 3 shows the results obtained from experiments
under two different conditions with 27/34 Cr-Ni alloy. Even though the results are reported for
coke measurements at 880°C, the effect of the temperature increase near the end of the cycle is
clearly visible in the amount of coke formed and the coking rate in the subsequent cycles. To
show this effect, experiments are performed with the conventional alloy at the same cracking
temperature but without a temperature increase near the end of the cycle. For the first cracking
cycle, the amount of coke formed and the coke rate are the same within the experimental error
at both sets of conditions, as can be expected. In the experiment performed at low temperature,
the oxide layer is matured after the first cracking cycle, and then for the next cracking cycles, a
decreasing trend in the next cracking cycles can be seen. However, for the experiment at high
temperature this trend was not observed. It is expected that exposure of the alloy to higher
temperature causes aging of the alloy and destroys the material by carburation, and for this
reason, the alloy is more prone to coking during subsequent cracking cycles. This is confirmed

by analyzing the coupon surface by EDX analysis, as shown further in this work.

Comparing the data obtained from different coupons after five cracking cycles, it is obvious
that the Al-Enhanced coupon is superior to the others, with an average coke weight of 4.3 mg
(i.e. 94% less coke tendency than the worst performance coupon of 27/34 Cr-Ni). This is in
accordance with the previous results of Jakobi et al. and other researchers who have performed
their lab scale experiments at lower temperatures and concluded the superior performances of
Al-containing material relative to non-Al-containing ones.!” 24 40, The current study
demonstrates how exposing this alloy to higher temperatures near the end of the cracking cycles

does not involve the deterioration of the material. The low and similar catalytic and asymptotic

13
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coking rates for this alloy indicate that the catalytic mechanism at the beginning of the reaction
is mitigated by the aluminum oxide surface layer formed during pretreatment. Similar coking
rates after several coking/decoking cycles show the stability of this alloy against coking, even
when exposed to higher temperatures at the end of the cracking cycles. The coking behavior of
the Al-Coated coupon is somewhat complicated since the first cracking cycle showed very high
fouling. This high coke deposition rate indicates that the pretreatment is non-optimal since the
amount and rate of coke formation decrease with each consecutive cracking cycle to reach the
lowest value in the 5™ cracking cycle due to maturing of the aluminum coating layer of Al-
Coated coupon. There is a distinction between catalytic and asymptotic coking mechanisms for
this coupon, and it seems that both are playing their roles. Nevertheless, because of the low

deposition of coke, the asymptotic mechanism quickly becomes dominant for the last cycles.

On average, the second-best performance against coke deposition is seen for 33/43 Cr-Ni.
However, the average coke deposited on 33/43 Cr-Ni is about 4.5 times Al-Enhanced. For this
alloy, like the Al-Enhanced, the catalytic and asymptotic coking rates are the same (except for
the first and the second cracking cycle), which means that the catalytic period was not long, and
asymptotic coke formation has taken over the leading role. The noticeable point about this alloy
is its stability over five cracking cycles. Among all the engineered coupons studied, Cr-Mn-
Coated has the least resistance against coking. On average, it forms 45% more coke than 33/43
Cr-Ni, and 5.5 times more than Al-Enhanced. Despite the results in our previous research '
conducted at low temperature of 886°C in which the values of coking for Al-Enhanced and Cr-
Mn-Coated were so close, here a huge difference is obtained for the aforementioned alloy's

coking rates. This is attributed to the effect of imposed higher temperature at the end of each
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cycle. The same as the Al-Coated coupon, a high value for coke formation is achieved for the
first cracking cycle, which is attributed to the non-optimized pretreatment.

Overall, an increase in coke deposition with the increasing number of coking/decoking cycles
is expected due to aging effects such as surface roughening and/or changes in surface
composition and concomitant changes in the quality of the regenerated oxide layer. However,
the Al-containing alloys of Al-Enhanced and Al-Coated exhibited less tendency to coke
formation after stabilizing. The reason goes back to the adverse effect of material aging, which
is compensated by the oxide layer recovery during decoking procedure between the consecutive
cracking cycles when the material is exposed to an oxidizing environment of air/steam. For
instance, the oxide layer of Al-Coated regenerated itself after each cracking cycle. On the other
hand, the non-aluminum-containing alloys of 33/43 Cr-Ni, Cr-Mn-Coated, and 27/34 Cr-Ni
showed some fluctuations in coke formation corresponding to cracking cycles, which might
indicate deterioration and recovery of the oxide layer during cracking/decoking cycles 2°. 33/43
Cr-Ni and Cr-Mn-Coated coupons showed some aging after the second and third cracking
cycles, respectively, which demonstrates that the negative effect of aging was superior to the
positive effect of oxide layer recovery. Since the asymptotic coking rate determines the run-
length of a steam cracker in industrial applications, the following ranking of coke formation in
increasing order is proposed: 27/34 Cr-Ni, Cr-Mn-Coated, 33/43 Cr-Ni, Al-Coated, and Al-

Enhanced.
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I A-Enhanced
B Al-Coated
B 33/43 Cr-Ni
I Cr-Mn-Coated
80 B 27/37 Cr-Ni

60

Mass of Coke (mg)

1st CC 2nd CC 3rd CC 4th CC 5th CC
Cracking Cycle

Figure 3. mass of coke deposition (mg) for Al-Enhanced, Al-Coated, 33/43 Cr-Ni, Cr-Mn-
Coated, and 27/34 Cr-Ni coupons after 4 hours steam cracking with ethane at 950°C as function
of the number cracking cycles.
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Figure 4. (i): Catalytic coking rate; and (ii): asymptotic coking rate for Al-Enhanced, Al-Coated,
33/43 Cr-Ni, Cr-Mn-Coated, and 27/34 Cr-Ni coupons after 4 hours steam cracking with ethane
at 950°C as function of the number cracking cycles.

3.2. SEM and EDX Analyses

Various factors affect the coking behavior of an alloy applied in steam cracking furnaces:
chemisorption and dehydrogenation properties of the inner wall, roughness, grain size, and
sulfidation - 41-57%° Two other factors that are of importance are surface integrity and elemental
composition. In this regard, scanning electron microscopy (SEM) and X-ray energy dispersive
spectroscopy (EDX) on both the top-surface and cross-sectional area were performed to analyze
the coked surfaces' structure, elemental composition, and carburization, if any. As was
mentioned in section 1, deterioration of the oxide layer on top of surface alloys causes more
coke formation by dehydrogenation reactions and therefore produces a higher carbon
concentration on the surface. As a consequence, the diffusion of deposited carbon towards the
alloy's bulk accelerates, which causes the further formation of carbides in bulk. This
phenomenon, which often arises at high temperatures, increases the material's brittleness and

exacerbates coke formation in the next cracking cycles. Therefore, observing the oxide layer's
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structure and analyzing its composition after a harsher cracking condition can help better assess

the performance of an alloy.

3.2.1 Top-View Analysis

The SEM images in Figure 5 show the coked surfaces and coke morphologies with different
magnifications. From the top-view SEM image of Al-Enhanced and Al-Coated coupons shown
in Figure 5-(1) and Figure 5-(111), it is obvious that sponge-like coke has grown on its surface.
This morphology is characteristic of the pyrolytic period when the asymptotic coke connects
and interweaves the filaments previously formed on the alloy's surface. Since filaments are not
equal in size, the growth rate in all directions does not lead to a flat surface. Thus, the
inhomogeneous surface comes up, indicating the growth of filaments with non-equal lengths
and directions. This observation confirms the results obtained from low weight records during
steam cracking which is brought in section 3.1. Also, from the top surface EDX analysis shown
in Figure S3 and Figure S5, some parts can be discovered on the surfaces of both coupons where
there is no evidence of coke. As a testimonial, the aluminum oxide layer of Al-Coated alloy is
so clear in EDX analysis after five cracking cycles. This implies the high inhibitory effect of
Al-O layer on top of the surface's coupon to coke formation. On the other hand, some Ni and
Fe were detected by EDX, which could have caused some small catalytic coke formation on
this coupon's surface.

As for the 33/43 Cr-Ni, shown in Figure 5-(I1), the asymptotic coking mechanism is active,
besides the catalytic one. This is concluded since the filaments seem interwoven, and the coke
appears as a globular coke layer. Therefore, the globular strings are porous and linked to each
other with horizontal fibers. There is a noticeable difference between the coke layers formed on
33/43 Cr-Ni and Cr-Mn-Coated although they both appear as filamentous-like coke in low
magnification. As mentioned, the coke strings formed on 33/43 Cr-Ni are a bunch of filaments.

However, for the Cr-Mn-Coated coupon, each string in the SEM image is a filamentous coke
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by itself, pointing to a particular direction. This is why the formed strings on 33/43 Cr-Ni are
thicker than those formed on the Cr-Mn-Coated coupon. EDX analysis brought in Figure S4
shows that some Fe and little Ni are detectable at some parts on the 33/43 Cr-Ni surface. This
further justifies the active catalytic mechanism promoted by these two elements. On the other
hand, the vertically grown long and non-porous filaments, as shown in Figure 5-(1V), illustrate
the prevailing catalytic coke mechanism for Cr-Mn-Coated coupon. This observation and the
EDX analysis carried out with the voltage of 15kV (Figure S6), which detected scattered Fe
and Ni, confirms the high catalytic rate of this alloy. It seems that the integrity of the coating,
which has been applied on the surface prior to the experiment, has gradually deteriorated
through 5 cracking cycles. Such alive catalytic activity of the surface was not dominant for this
alloy at the low temperature of 886°C, as discussed by our previous research *’. Therefore, it
seems that the performance of Cr-Mn-Coated alloy is affected by the high temperature at the

end of a real steam cracker, and this alloy does not show the same quality as at low temperature.

Figure 5. Top-view SEM images of coupons after five cracking cycles. Al-Enhanced,
magnification: 3000x (I); 33/43 Cr-Ni, magnification: 500x (II); Al-Coated, magnification:
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13000x (111); Cr-Mn-Coated, magnification: 350x (IV); 27/34 Cr-Ni, magnification: 8000x (V);
27/34 Cr-Ni-LowT:880°C, magnification: 3500x (V1).

The spongy and globular coke morphology for 27/34 Cr-Ni alloy (Figure 5-(V) and Figure 5-
(V1)) is similar to some extent to the one for Al-Enhanced. In this case, the formed filaments
were quickly interwoven with pyrolytic coke; therefore, during cracking, both the catalytic and
asymptotic coking mechanisms were active. However, the difference between these two
coupons is the amount of coke deposited. For the 27/34 Cr-Ni, much higher fouling was
recorded by MSB (see section 3.1), and consequently, in contrast to several bare surface areas

of Al-Enhanced after five cracking cycles, the surface of this coupon is fully covered by coke.

3.2.2 Cross-sectional Analysis

As a benchmark for the other technically engineered coupons to be compared, EDX cross-
sectional analysis was performed to investigate the compositional changes in the oxide layer of
27/34 Cr-Ni coupon as well as carburization after five cracking cycles. As shown in Figure 6,
the oxide layer of this alloy is lifted and separated from the bulk. Also, the oxide layer is not
intact anymore and has lost its continuity and integrity. Moreover, spalling of the oxide layer
enables contact between the gas atmosphere and the catalytically active Ni and Fe sites at the
surface, as seen from the EDX maps, Ni and Fe. These phenomena can lead to the diffusion of
carbon in bulk and, eventually, to carburization. It also deserves to say that the cross-sectional
analysis confirms the high coke deposition results obtained from reactor tests and the
morphological and compositional consequences obtained from top-view SEM and EDX.

Besides the alloy's composition and weak structure, carburization also intensifies when a
material is experimented with at higher temperatures. To show that, another experiment with a
lower temperature was carried out to relate the carburization of 34/27 Cr-Ni alloy to the
temperature and not just to the material's properties. As mentioned, carburization was obvious

for the high-temperature experiment with 27/34 Cr-Ni alloy as carbon diffused below the oxide
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layer. The diffused carbon can create a bond with chromium in the alloy's structure and cause
carburization and, consequently, brittleness. However, from the EDX mapping of this alloy
taken after five cracking cycles at low temperature, it is clear that the oxide layer is intact, and
carbon could not diffuse into the coupon's matrix. This also can be concluded by comparing the
carburization depths of 13.1 and 1.7 um for experiments at high and low temperatures,
respectively (see Figures S11, S12, and Table S2). Nonetheless, Ni and Cr reached the top
surface, which gives grounds for catalyzing coke formation on the surface. The rather same
results have been achieved by Ortiz et al. when the optical images after 1000 hrs. of experiments
with 26/34 Cr-Ni alloy showed that higher coking temperatures lead to a more severe

carburization attack > %,

1YysiH

1MOT

Figure 6. SEM and EDX cross-sectional analysis of 27/34 Cr-Ni coupons after five cracking
cycles under a: high (950°C) and b: low temperature (880°C) ethane steam cracking reaction.

SEM and EDX analyses were also done to investigate cross-sectional areas of coupons. Figure
7 shows an elemental linescan analysis from one of the sides of Al-Enhanced alloy after

cracking cycles. This clarifies the reason for the low amount of deposited coke and the catalytic
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coking rate that evolved on this alloy even at the higher experimental temperature of this study.
In the linescan analysis of aluminum and oxygen, it is obvious that the alumina layer, which
has been formed during pre-oxidation, is noticeably intact without any sign of deterioration.
Moreover, carbon element scanning shows no carburization for this alloy in ethane steam
cracking under experimental conditions. Besides composition, another significant factor in
determining the resistance of an alloy is the integrity of the protective oxide layer after several
cracking/decoking cycles. Although the alumina oxide layer of Al-Enhanced is thin, its
continuity and integrity made this layer isolate the catalytic sites of Ni and Fe from the gas
phase. The linescan analysis also confirms the absence of nickel and iron at the uppermost layer.
Internal oxidation is the possible damage that aluminum-containing alloys often experience,
leading to the bulk’s brittleness. For Al-Enhanced under the experimental condition, some
internal oxygen can be observed with the help of elemental EDX linescan at a depth of 40-
50um. These observations at high temperature are similar to the ones from our previous
research, which was concluded at a lower temperature . Nevertheless, such internal oxidation
could not affect the alloy's resistance against carburization since the oxide layer has protected

the material impressively.
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Figure 7. Linescan elemental analysis of Al-Enhanced alloy after five cracking cycles with
ethane at 950°C.

From Figure 8, the Al-Coated alloy's oxide layer is similar to the one of Al-Enhanced. This
oxide layer's integrity and fully covering property even after five cracking cycles at high
temperature made this alloy carbon resistant. The same feature can be observed in the cross-

sectional analysis of the Al-Enhanced coupon, considering that the Al-O layer is created in-situ
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during the pretreatment phase. This observation verifies the result obtained from the asymptotic
coking rate as low as 1.13x10® kg/m?/s* for this coupon (Figure 4).

EDX cross-sectional analysis of the 33/43 Cr-Ni after five ethane cracking cycles illustrates
that this alloy is resistant to severe steam cracking conditions. From the 33/43 Cr-Ni elemental
mapping shown in Figure 8, it is evident that manganese and chromium have reached the
uppermost layer during pre-oxidation, and due to the high affinity of manganese and chromium
with oxygen, a layer of Mn-Cr-O spinel, which is very resistant to coke formation at high
temperatures, is created. Based on the diffusion coefficient of elements, a SiO> layer is formed
below the Cr-Mn spinel; however, these are the chromium and manganese that play the
protective role. Nevertheless, the continuous SiO. layer impeded the internal oxidation and
prevented the nickel and iron migration to the oxide layer. Although some traces of Fe can be
detected by EDX analysis, which is the reason for the higher coking tendency than Al-
Enhanced, no considerable carburization was observed for the coupon of 33/43 Cr-Ni at this
high temperature (carburization depth of 2.5um presented in Table S2).

Among all the technically engineered studied materials, Cr-Mn-Coated could not tolerate the
severe high temperature cracking at the end of the cycle. This can be concluded when
comparing SEM and EDX data from this study with those in our previous study at low
temperature 7. In our previous research at low temperature, the performance of this alloy was
noticeable and comparable to Al-Enhanced without any sign of carburization. However, in the
current study in which the coupon experienced higher cracking temperature at the end of cycles,
the oxide layer deteriorated and lost its integrity at some points. Silicon element also has been
spalled and detached trivially from the SiOz layer, and minor internal oxidation is detected in
some locations for Cr-Mn-Coated. These observations and the higher calculated carburization
depth of 3.9 um compared to other technically-developed alloys can explain the higher coke

deposition on the Cr-Mn-Coated alloy, making it the least resistant coupon among the
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engineered alloys studied in this work. One reason for this phenomenon is the difference
between the thermal expansion of layers, which is exacerbated by cyclic coking/decoking and
consequently intensifies carburization *’. Another possible reason for the carburization of this
material is the existence of the SiO> layer, which plays as a barrier against the diffusion of
chromium and manganese from the bulk to the uppermost surface. This hindrance might have
prevented the regeneration of the oxide layer during several coking/decoking cycles. The results
acquired from this coupon draw attention to the fact that the oxide layer might deteriorate at the

higher temperatures corresponding to the end of cycles and adversely affect the economy of a

steam cracker plant over long times although its performance is remarkable at low temperatures.

pa1eo)y-u-4) IN/4D EF/EE  pajeod |y

Figure 8. EDX cross-sectional analyses of Al-Coated, 33/43 Cr-Ni, and Cr-Mn-Coated coupons
after five cracking cycles with ethane.

4. CONCLUSION
In this study, the performance of commercial cracker alloys was studied in a lab-scale apparatus
in accordance with the conditions recommended by the petrochemical industry with a focus on
material integrity and resistance against coke formation, aging, and carburization. In this regard,
coke formation on alloys was thermogravimetrically monitored for 4 hours at Tgas = 880°C. To
intensify coking and make alloys more prone to carburization, the cracking process elongated
for 2.5 hours at a higher temperature, i.e., 950°C. The reason for calculating catalytic rates was
to evaluate the tendency of the alloys to catalyze coke formation, which consequently affects

the asymptotic coking rate. This could be a useful criterion for selecting materials for reactor
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coils in industrial steam crackers. The aluminum-containing alloys, Al-Enhanced and Al-
Coated, exhibited better resistance to coke deposition in terms of coking rates than the non-Al-
containing alloys 33/43 Cr-Ni, Cr-Mn-Coated, and 27/34 Cr-Ni even at the higher temperature
used in this study. Indeed, the surface oxide layers of the Al-containing alloys were remarkably
resistant with negligible spallation compared to the ones of non-Al-containing alloys. Among
the non-Al-containing alloys, 33/43 Cr-Ni was the most resistant against coking which implies
the significant role of the chromium-manganese-oxygen spinel formed on the surface layer. In
terms of coke formation rate, the Cr-Mn-Coated coupon performed less durable, whilst the
27/34 Cr-Ni showed the highest catalytic coking rate, which, as indicated by SEM and EDX
results, can be related to the exposure of catalytic sites as a consequence of local degradations
of the surface oxide layer on Cr-Mn-Coated and 27/34 Cr-Ni. This points out the significance
of the integrity of the oxide layer even at higher temperatures prevailing toward the end of
industrial cracking cycles.

Among all, 27/34 Cr-Ni alloy showed the highest coking rate and carburization, implying the
most vulnerable oxide surface layer on 27/37 Cr-Ni relative to the other alloys. EDX results
showed no signs of carburization or deterioration of the surface of 27/34 Cr-Ni after
experiments at 880°C, indicating that both the temperature and matrix composition can play
significant roles in determining the suitability of an alloy for application in steam crackers.
Therefore, although an alloy might have remarkable resistance to carburization at low
temperatures, its performance may alter as the temperature rises, affecting the further cracking
cycles coking behavior.

Overall, surface technology figures prominently in steam cracking furnaces. It is concluded that
with appropriate surface treatment on superalloys, either when manufacturing or during the
process, the catalytic coking mechanism can be rather hindered, which is the controlling

mechanism for coke severity.
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Nomenclature

Roman symbols

AB,CD Parameters in coking curve fitting -
Al-containing Aluminium containing -
EDM Electrical discharge machining -
EDX Energy dispersive X-ray -
FID Flame ionization detector -
GC Gas chromatography

HC Hydrocarbon -
LowT Low Temperature -
MSB Magnetic suspension balance -

non-Al-containing

Non-aluminium containing

P Pressure bar
ppmw Part per million in weight unit a/g
RGA Refinery gas analyser -
SEM Scanning electron microscopy -
t Time hr.
T Temperature °C
TCD Thermal conductivity detector -
d Dilution a/g
T Mean residence time S
Greek symbols
X Conversion %
d Dilution a/g
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