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Abstract: The alloys K90941 and N08811 were tested un-
der conditions simulating a pyrolysis process of post-con-
sumer plastics. Impurities in the plastic feedstock like chlo-
rine containing materials or organic components yield HCI
and H2S respectively during the cracking process. The re-
actor material must be able to withstand these harsh cor-
rosive conditions.

In lab-scale test equipment, process conditions of the re-
actor zone of the pyrolysis process were simulated at tem-
peratures of 420°C and 580°C for 72 h. The gas atmosphere
consisted of either 200 ppm or 20000 ppm H2S and 3.8 vol%
HCI, 1.9 vol% CO2, 0.3 vol% CO, 2.8 vol% Ha, bal. N2. After
the corrosion experiments, the samples were analyzed by
metallography, SEM/EDX, and XRD. Additionally, the mass
loss was evaluated. Results show that the ferritic K90941 is
more aggressively attacked than the austenitic N08811 and
that for both materials the mass loss rises with increasing
H2S content in the gas atmosphere and increasing temper-
ature.

Keywords: High temperature corrosion, Hydrogen
chloride, Hydrogen sulfide, Stainless steel

Einfluss des variablen H.S Gehalts auf die
Hochtemperaturkorrosion ferritischer und austenitischer
Legierungen in einem simulierten Pyrolyseprozess von
Post-Consumer Plastik

Zusammenfassung: Die Legierungen K90941 und N08811
wurden unter simulierten Bedingungen eines Pyrolysepro-
zesses von Post-Consumer Plastik getestet. Verunreinigun-
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gen im Plastik-Einsatzmaterial, wie z.B. chlorhaltige Ma-
terialien oder organische Komponenten, konnen wahrend
des Crackingprozesses zur Bildung von HCl und H2S fiihren.
Das Reaktormaterial muss diesen stark korrosiven Bedin-
gungen standhalten.

In einer Versuchsanlage im Labormaf3stab wurden die Pro-
zessbedingungen der Reaktorzone eines Pyrolyseprozes-
ses bei 420°C und 580°C fiir 72h simuliert. Die Gasatmo-
sphare bestand aus entweder 200 ppm oder 20000 ppm H2 S
und je 3,8 vol% HCI, 1,9 vol% CO2, 0,3 vol% CO, 2,8 vol% Ha,
bal. N2. Nach den Korrosionsexperimenten wurden die Pro-
ben mittels Metallographie, SEM/EDX und XRD analysiert.
Zusatzlich wurde der Masseverlust bestimmt. Die Ergeb-
nisse zeigen, dass das ferritische Material, K90941, starker
attackiert wird als das austenitische Material, N08811. Au-
Berdem steigt der Masseverlust fiir beide Materialien mit
steigendem H>S Gehalt in der Gasatmosphaére und steigen-
der Temperatur an.

Schliisselworter: Hochtemperaturkorrosion,
Chlorwasserstoff, Schwefelwasserstoff, Rostfreier Stahl

1. Introduction

Thermal cracking of anthropogenic resources, like post-
consumer plastics, is a promising chemical recycling route
and a good alternative to disposal. Still, thermal cracking is
a demanding process for metallic materials, since impuri-
ties in the post-consumer plastics, like chlorine containing
materials or biological components, yield HCI and H2S re-
spectively during cracking. These two gas components are
known to cause high temperature corrosion and, thus, lead
to damage of metallic materials [1-4].

In otherindustrial processes, construction materials also
suffer from chlorine and/or sulfurinduced high temperature
corrosion, e.g. ethylendichloride production or gasification
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of biomass. Alloys which can form protective scales in at-
mospheres with high partial pressures of oxygen are often
not able to do so in atmospheres that contain chlorine [5].
The reason for this is that HCI gas or chlorine penetrate
the metals initial oxide layer and form volatile metal chlo-
rides underneath this protective layer with the base mate-
rial. At temperatures above 400°C, these metal chlorides
are volatile and evaporate causing a subsequent outward
diffusion through the initial oxide scale until they reach the
interface to the gas atmosphere. There the oxygen pres-
sure is high enough to oxidize the metal chlorides, which
results in the formation of loose and non-protective oxide
layers. Thistype of corrosionisalso known as “active corro-
sion” Fortunately, some research has already been done on
gas atmospheres with chlorine and sulfur simultaneously
present [1, 6-12].

Yet, investigations about the corrosion of steels at low
oxygen partial pressure and in the presence of chlorine and
sulfur are rare [2, 13]. Only a few authors have dealt with
this topic and even found differing results in some cases.
Pan et al. [14] reported that the corrosion rates of Fe-Cr
alloys in a mixed Ho-HCI-CO2 atmosphere accelerated with
an increasing HzS level. Bakker and Perkins [15, 16] also
reported an increase of corrosion rates of Fe in mixtures
of H2S and HCI above 400°C but a decrease in sulfidation
below 399°C. Other authors found a reduction of corrosion
rates by the addition of H2S in chlorine containing atmo-
spheres [11]. Thus, the high temperature corrosion behav-
ior of metals in these complex gas atmospheres requires
further investigation.

To assess the applicability of a durable reactor material
for a thermal cracking process of post-consumer plastics,
the corrosion behavior of two commonly used construc-
tion materials was investigated. Therefore, the ferritic steel
K90941 and the austenitic steel N08811 were tested under
conditions simulating the thermal cracking process for 72h
followed by comparing the different results.

2. Experimental Procedure

The corrosion behavior of ferritic steel K90941 and austenitic
steel N08811 was tested under conditions simulating a py-
rolysis process of post-consumer plastics. The high-tem-
perature corrosion tests were performed at laboratory scale
in a heated silica glass tube at 420°C and 580°C for 72h.
The selection of the testing temperatures was based on the
knowledge gained in a pilot plant. The corrosive test gas
atmosphere consisted of either 200 ppm or 20000 ppm H2S
and 3.8 vol% HCI, 1.9 vol% CO>, 0.3 vol% CO, 2.8 vol% Ha,
bal. N2. This atmosphere represented the partial pressures
of sulfur, chlorine, and oxygen, which are present in the re-
actor zone of the pyrolysis process. The software FactSage
7.0 and PetroSIM were used to calculate the composition of
the artificial gas mixture.

The gas mixture was provided in two separated bottles
by Linde Gas (Eggendorf, AUT) as HCI cannot be stored
together with H2S. Stainless steel tubes were used to trans-
port the gas from the bottles to the silica tube. During heat-
ing and cooling, the chamber was flushed with nitrogen.

TABLE 1
Chemical composition of the tested materials in wt%
(balance Fe)

Material C Si Mn Cr Mo Ni
K90941 0.1 0.5 0.5 9 1 -
N08811 0.07 - 0.6 20.5 - 30.4

The test gas leaving the test chamber was neutralized in
10% KOH and 10% NaOH solution. A detailed experimental
procedure and a scheme of the testing equipment can be
found elsewhere [17].

Table 1 shows the chemical composition of the tested al-
loys. Before the corrosion tests were performed, all test
specimens, which had a rectangular shape with dimen-
sions of 25x 10x 2mm, were metallographically polished
up to 1000 grit SiC paper in order to achieve a uniform sur-
face, cleaned, degreased, and gauged. For the corrosion
experiments, four specimens of one material were accom-
modated simultaneously in the silica tube by using a silica
glass holder. While three samples were used for the mass
loss determination, one was cold mounted in epoxy resin
for a metallographic and SEM/EDX investigation.

For the evaluation of the mass loss, the samples were
cleaned with 5% hydrochloric acid and a wire brush. The re-
moved corrosion products were characterized by XRD. Ad-
ditionally, uncleaned samples were cold mounted in epoxy
resin and polished up to 4000um SiC paper. The metal-
lographic preparation of the corroded samples happened
water-free to preserve water-soluble corrosion products
for visualization of unaltered cross sections. The samples
were investigated by means of light optical microscopy and
SEM/EDX. SEM/EDX measurements were performed after
15s gold sputtering, using a SEM by Zeiss (EVO MA 25 ®).
The electron source was a LaBe cathode. Thermodynamic
calculations were performed with the software Fact Sage
7.0.

3. Results

Fig. 1 shows the general appearance of the samples after
the corrosion experiments. Both materials formed a loose
and black layer of corrosion products under all conditions.
The adhesion on the base metal and the thickness of this
corrosion layer differed depending on material and temper-
ature.

K90941, which was in general more aggressively at-
tacked than N08811, had a thicker and less adherent layer
of corrosion products. At a lower temperature, the adhe-
sion of the corrosion layer improved for both materials with
silver shiny dots being detected in between the corrosion
layer. It is possible that these dots were iron chloride, since
this phase was identified by XRD. Additionally, FeCl, was
found at the colder parts of the silica tube (white crystals
as shown in Fig. 1). The FeCl, formed at the samples,
evaporated, was carried away with the gas flow, and then
crystallized at the colder parts. The amount of FeCl, varied
depending on the iron content of the alloy, the testing
temperature, and the H.S content in the atmosphere. The
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Fig. 1: General appearance of
the samples after the corrosion
experiments

25

H K90941

e
=}

H N08811

>
w

11,90

4,22
2,54
1,86
’ B =
580

Temperature [°C]

-
o

Mass loss after 72 h with 200 ppm H,S [mg/cm?]
v

Fig. 2: Massloss versustemperature of the tested materials after 72hin
the gas atmosphere containing 200 ppm H2S

420 5

Temperature [°C]

25,00
£
B B K90941 20,11
£ 20,00
@
£ mNO8811
Q.
o
o 15,00
(=]
i=1
2
= 11,19
E
= 10,00
~
~
5
£ 5,80
§ 5,00
‘
& 2,30
=

80

Fig. 3: Massloss versustemperature of the tested materials after 72hin
the gas atmosphere containing 20000 ppm H2S

amount of FeClz increased with increasing iron content in
the alloy, increasing temperature and decreasing H2S con-
tent in the gas mixture. Both materials showed a uniform
attack. In general, it is assumed that both materials are
firstly attacked along the grain boundaries. Afterwards,
successive metal removal of the grain occurs due to evap-
orating metal chlorides [18].

3.1 Corrosion Rates

Figs. 2 and 3 show the mass loss of the tested materials
versus the temperature after 72h in the gas atmosphere
containing 200 ppm H2S and 20000 ppm H2S respectively.
At 580°C the ferritic K90941 shows a much higher mass
loss than the austenitic N08811 in both atmospheres. At
420°C and 200 ppm H>S, the significant difference in mass
loss between the materials disappeared and both alloys
showed nearly the same corrosion rate. Still, the austenitic
alloy performed slightly better than K90941. Moreover, the
mass loss of N08811 did not increase drastically between
420 and 580°C in the gas atmosphere containing 200 ppm
H»S, while K90941 mass loss more than quadrupled. As
corrosion rates generally decrease with decreasing temper-
ature because of slower reaction kinetics, the temperature
dependence of the mass loss of the two materials were ex-
plainable. When going from 200 to 20000 ppm H>S in the
gas atmosphere, the mass loss of both materials increased.
At 580°C K90941 almost doubled its mass loss compared
to the atmosphere with 200ppm H2S. N08811 even tripled
its mass loss at 580°C.

3.2 Corrosion Products

In order to get a better understanding of the corrosion be-
havior of the two alloys and to interpret the mass loss
results, cross sections of the corroded samples were pre-
pared by water-free polishing. The cross sections were later
analyzed via SEM/EDX.
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Fig. 4: FerriticK90941 after 72h, 200ppm H2S, 580 °C. SEM and EDX element mapping of the cross section
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Fig. 5: Austenitic N08811 after 72h, 200 ppm H2S, 580°C. SEM and EDX element mapping of the cross section
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Fig. 6: Ferritic K90941 after 72h, 200ppm H2S,420°C. SEM and EDX element mapping of the cross section

Figs.4,5,6,7,8,9, 10 and 11 illustrate the SEM images of
the cross sections and the corresponding EDX mappings of
the materials at the different conditions. In some of the SEM
images a gap between the layer of corrosion products and
the base metal can be seen. This reflects the bad adherence
of the corrosion layer.

In Figs. 4 and 5, the corrosion behavior at 200 ppm H2S
at 580°C can be seen for K90941 and N08811 respectively.
Under these conditions, the picture of corrosion was differ-
ent compared to all other conditions. In both materials, the
EDX mapping detected a sulfide layer containing chromium
in the outer regions of the corrosion products. The EDX
mapping also revealed a small amount of iron inside the
chromium sulfide layer. Yet, XRD of the corrosion products
only detected Cr2S3 and CrzSa.

Below the chromium sulfide layer an oxygen layer was
observed, which was identified by XRD as Cr203. Beneath
the oxygen layer and in between the sulfide layer, a certain
amount of chlorine was detected. In the case of N08811
(Fig. 5), the EDX mapping showed a depletion of iron and
chromium in the border area of the alloy, while nickel was
enriched.

As mentioned above, iron and HCI formed volatile FeCly,
which was found in the colder parts of the testing equip-
ment. Chromium and HCI gas formed CrCl,, which dif-
fused through the corrosion layer and formed either ox-
ide or sulfide, depending on the oxygen partial pressure.
Nickel was not detected by XRD in any corrosion product.
It remained metallic and showed no chemical reaction with
the corresponding gas atmosphere at 580°C. Thus, the de-
tected chlorine can be explained by the formation of FeCl»
and CrClz. As N08811 showed a smaller corrosive attack at

200 ppm H2S and 580°C than K90941, also the thickness of
the corrosion layer was smaller.

As can be seen in Figs. 6 and 7, the corrosion behav-
ior changed for both materials at 200ppm H2S at 420°C.
Again, both materials formed a sulfide layer on the sur-
face. At 420°C iron can be detected in the upper parts of
the sulfide layer compared to 580 °C, where chromium was
found on top. At lower temperatures chromium was only
detected inthe lower areas of the corrosion layer. XRD iden-
tified mixed sulfides of iron and chromium. In the case of
NO08811, nickel was detected in between the iron sulfide as
well. XRD also identified several non-stoichiometric iron-
nickel sulfides. The enrichment of nickel in the border area
to the corrosion products could not be observed anymore.
The presence of chlorine was not only restricted to the lower
areas, but it was also detected on the surface of the cor-
rosion layers. Furthermore, the amount of chlorine that
could be detected in the corrosion products increased with
decreasing temperature. This is because the vapor pres-
sure of the metal chlorides decreases by lowering the tem-
perature. Thus, less metal chlorides evaporated at 420°C
compared to 580°C and therefore, remained on the sam-
ples. This was verified by XRD analysis, since FeCl, was
detected in the corrosion products.

When going to higher H2S contents of 20000 ppm in
the gas phase, the corrosion behavior was similar to that
at 200ppm H2S and 420°C. At both temperatures, iron
sulfide formed on the surface. Beneath the iron sulfide
layer, a chromium containing layer was visible. In between
the sulfide layer, also amounts of oxygen and chlorine
could be detected. Compared to the atmosphere con-
taining 200ppm H2S, the amount of the detected chlorine
in the corrosion layer and as FeCl, at the colder parts of
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Fig. 7: Austenitic N08811 after 72h, 200 ppm H2S, 420°C. SEM and EDX element mapping of the cross section
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Fig. 8: Ferritic K90941 after 72 h, 20000 ppm H2S, 580 °C. SEM and EDX element mapping of the cross section

the glass tube and oxygen decreased in the atmosphere
with 20000ppm H>S. For N08811 also nickel was found
in the upper iron sulfide layer, even for higher temper-
atures compared to low H2S contents, where the nickel
remains metallic. At 580°C XRD only identified iron sul-
fide for K90941. XRD of the corrosion products of N08811
showed iron sulfide and a FeCr.S4 phase. K90941 with

less chromium than N08811 showed a thinner chromium

containing layer than N08811.
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Fig. 9: Austenitic N08811 after 72h,20000ppm H2S, 580°C. SEM and EDX element mapping of the cross section
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Fig. 10: Ferritic K90941 after 72 h, 20000 ppm H2S, 420°C. SEM and EDX element mapping of the cross section

3.3 Corrosion Mechanism

By interpretation of the XRD results and SEM/EDX map-
pings (Figs. 4, 5, 6, 7, 8,9, 10 and 11) and by comparison
with other research data, it is possible to give a rough ex-
planation of the corrosion mechanisms.

At low H2S amounts and at 580°C, HCl is able to pene-
trate the initial oxide layer on the material and react with
the base metal in order to form the corresponding metal
chlorides. The Gibbs free energy of formation at 580°C
is negative for chromium and iron, and positive for nickel
[17]. Thus, nickel remains metallic, while HCI is consumed
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Fig. 11: Austenitic N08811 after 72h, 20000 ppm H2S, 420°C. SEM and EDX element mapping of the cross section

by the formation of CrCl> and FeClz. The volatile metal chlo-
rides evaporate because FeCl, has a higher vapor pressure.
Thus, it evaporates faster and is partly carried away with the
gas flow. This is the main reason for the weight loss of the
samples during the experiments. Due to the water gas shift
reaction, H2O will be formed when CO> reacts with H2 (see
Eg. 1). This H20 can react with CrCl to form Cr203.

H2+COz<—>H20+CO (1)

Excessive CrClz, which evaporates much more slowly
compared to FeCly, diffuses out of the corrosion layer and
reacts with H2S at the surface to form mixed chromium
sulfides. Thereby the findings of the EDX mappings and the
XRD results can be explained. This mechanism has been
identified in previous studies, and a detailed explanation
can be found elsewhere [17].

At low H2S amounts and at 420°C, the formation of
mixed sulfides of iron and chromium and of iron and nickel
on the surface of the corrosion layer is detected. HCI is
still able to penetrate the initial oxide layer of the metal
and form metal chlorides. At 420°C the formation of NiCl>
is thermodynamically possible as well, since AG for the
reaction of nickel with HCl approaches negative values.
FeClz has a higher vapor pressure than NiCl2 and evapo-
rates faster. At 420°C the vapor pressure of CrCl, is almost
zero. Thus, it remains largely in the corrosion layer. Due
to the water gas shift reaction, H20 can react with CrCl to
Cr203. At lower temperatures the equilibrium of the water
gas shift reaction is shifted to the educts side, whereby
less H20 is produced. Thus, this subsequently leads to
less Cr203 formation. NiCl, evaporates and diffuses to the

surface, where it forms nickel sulfide with H>S of the gas
phase.

At both temperatures and at high H2S amounts, the fer-
ritic material, K90941, showed an outward layer of iron sul-
fide and an inner layer, which contains chromium, besides
iron and sulfur. Schulte et al. [19] found the same picture
of corrosion and proposed that, for ferritic materials, first
of all, formation and growth of a pore-free and gas tight
sulfide layer takes place. Then the development of an in-
ner layer occurs, in which the elements forming sulfides
of higher stability than FeS in particular chromium are en-
riched. The scale on the austenitic material, N08811, differs
from that of K90941 insofar as the outer FeS layer contains
nickel. Additionally, the spinel phase FeCr,Ss was identified
via XRD. Schulte et al. [19] suggested that this intermedi-
ate layer of FeCr2Ss is responsible for the lower sulfidation
rate of the austenitic material compared to that of the fer-
ritic steel. Thus, solid-state diffusion is slower and scale
separation starts much later once a greater scale thickness
is achieved. These mechanisms would fit with the findings
of our experiments.

In the atmosphere with 200 ppm H>S and at 580°C, the
mass loss can mainly be attributed to the formation and
sublimation of metal chlorides, which could be detected as
FeCl, in the colder parts of the silica glass tube. When go-
ing to lower temperatures, the amount of detected FeCl,
at the colder parts of the glass tube decreased. Still, chlo-
rine could be detected by XRD and in the EDX mappings
distributed over the whole corrosion product, with a higher
incidence at the interface metal/corrosion layer and on top
of the corrosion layer. This can be explained by the de-
creasing vapor pressure of the metal chlorides when going
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to lower temperatures. Thus, the metal chlorides partly re-
main in the corrosion product.

Athigher H2S concentrations in the gas atmosphere and,
thus, at higher sulfur vapor pressure, less chlorine could be
detected in the EDX mappings compared to the findings
at 200 ppm H2S. Additionally, less metal chlorides could be
detected at the colder parts of the tube even at high tem-
peratures. EDX mappings also showed a smaller amount of
oxygen in the corrosion products compared to the findings
at 200 ppm H2S. The reason for this might be the suppres-
sion of the watergas shift reaction by H>S [20, 21]. Since
more H>S diffuses through the corrosion layer, the water-
gas shift reaction will not take place to the same extent as at
lower HzS contents in the gas atmosphere. XRD identified
pure iron sulfide for K90941 and iron sulfide and FeCr2S4in
the case of N08811.

Two assumptions about the higher corrosion rate of the
materials at higher H2S contents are imaginable. The first
assumption is that direct sulfidation of the materials takes
place, where the mass loss is mainly attributed to the forma-
tion of sulfides. Due to the high lattice disorder of sulfides,
as already known from literature [22, 23], the materials are
not able to form protective scales and thus, continuous cor-
rosion can take place. This would also fit with the findings
of Schulte et al. [19].

The second assumption is that, first, chlorination of the
materials takes place. Subsequently, sulfidation of the
formed metal chlorides occurs. Thus, the higher corrosion
rate is attributed to the formation of FeClz, which directly
reacts with H2S from the atmosphere. Thereby, HCI is
released again, which can further react with the metal, thus
accelerating the corrosion of the materials.

The effect of chlorine on the high temperature corrosion
of alloys in sulfidizing atmospheres is still speculative. In
general, the sulfidation rate is increased in the presence of
hydrogen chloride, but a few results were published show-
ing a decrease in corrosion rate [11]. Pan et al. [14] sug-
gested that a reason for the prevention of sulfide growth
of chromium containing steels in reducing atmospheres
might be the fact that the outward diffusion of the metal
chlorides in the scale slows down the penetration of HS,
therefore limiting the possibility of formation of sulfides.
Alternatively, HCl may be preferentially adsorbed on the
surface of given oxides, partly inhibiting the reaction with
H2S. Yet, the influence of sulfur on the corrosion of the
present commercial steels cannot be ignored because in-
creasing the H2S content in the given chlorine containing
atmosphere leads to an acceleration of the corrosion for
both materials. Thus, further research is necessary to ver-
ify the previous assumptions.

4. Conclusions

Commonly used construction materials like the ferritic steel
K90941 and the austenitic steel N08811 were tested under
conditions of a thermal cracking process of post-consumer
plastics. The tests were performed at 420°C and 580°C for
72hin gas atmospheres with varying H2S content. The ma-
jor conclusions obtained from this research are as follows:

1. The ferritic material showed a higher mass loss than the
austenitic material under all conditions.

2. The mass loss resulted from either the sublimation of
metal chlorides or the formation of iron sulfide.

3. In general, the mass loss increased with increasing H>S
content in the atmosphere and increasing temperature.

4. Corrosion products on the specimens showed a multi-
layered structure, which differed depending on the con-
ditions.

a. At 580°C and 200 ppm H2S, both materials showed

the formation of a chromium oxide layer below
a chromium sulfide layer, a depletion of iron and
chromium and in the case of N08811 an enrichment
of nickel at the border zone next to the corrosion
products.

b. At 420°C and 200ppm H2S, a layer of mixed iron-
chromium sulfide was found for K90941, while
NO08811 showed a layer of mixed iron-nickel sulfides.

c. At higher H2S amounts, the picture of corrosion did
not change with temperature. The materials showed
an outward layer of iron sulfide and an inner layer,
which, besides iron and sulfur, contained chromium.
The scale on N08811 differed from that on K90941 as
the outer FeS layer contained nickel. In the corrosion
products of N08811, the spinel FeCr2S4 was observed,
which is attributed to be responsible for the lower
sulfidation rate of this material compared to that of
the ferritic steel.

5. Still, the temperature has a big influence on the mass
loss of the materials, since higher temperatures accel-
erate the corrosion reactions. This is also true for the
atmosphere with 200 ppm H5S.

Summarizing, the austenitic material N08811 had better
corrosion resistance under the tested conditions compared
to the ferritic material K90941. Mixed gas atmospheres are
challenging for a prediction of the high temperature corro-
sion behavior of alloys. In some studies, a reduction in the
corrosion rate was found in these mixed gas atmospheres,
but others showed an increase in corrosion. A thorough
discussion of the obtained results is not possible at this mo-
ment. Further laboratory work in a range of simulated at-
mospheres of a pyrolysis process for post-consumer plas-
tics and temperatures is required to obtain a detailed mech-
anism of corrosion in hydrogen chloride and hydrogen sul-
fide containing gas atmospheres.
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