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Abstract
High-temperature corrosion mechanisms in reducing atmospheres containing

HCI (3.8 vol%) and a varying amount of H,S (0.02 -2 vol%) were developed for

3Technische Universitit Wien, Vienna,

Austria several alloys between 420°C and 680°C. These mechanisms are mainly based

Correspondence on practical observations and kinetic considerations—and less on thermo-
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dynamic data. This is due to the complexity of these mixed gas atmospheres,
volatile corrosion products, and the ever-changing conditions within the
corrosion layer, which made it not possible to predict and calculate the actual
conditions in the corrosion zone. In this article, a detailed thermodynamic
analysis of previously achieved corrosion mechanisms and experimental
observations is presented. Correlations and deviations between thermo-
dynamic calculations and practical findings are stated and discussed. The
corrosion behavior of ferritic K90941, which performs worse than corrosion-
resistant austenitic alloys, except for one test condition at 580°C in the
atmosphere with 0.2 vol% H,S, is explained and supported by thermodynamic
data. By combining experiments with thermodynamics, corrosion mechanisms

in reducing HCI and H2S-containing atmospheres are explained.
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1 | INTRODUCTION

that can be used to produce monomers or other valuable
hydrocarbons, with similar qualities to those of conven-

Thermal cracking of plastic waste is a promising
chemical recycling alternative to mechanical recycling
routes. During the thermal cracking of plastic waste, the
macromolecular hydrocarbon structures of the polymers
are broken down into smaller monomeric units. Thereby,
raw materials for petrochemical processes or feedstock

tional substances, can be generated.!'~!

One major problem during thermal cracking of
plastic waste is the rather unpredictable specification
of the plastic feedstock, especially for waste materials of
unknown origin and formulation. Impurities inside
of the feedstock, like chlorine-containing plastics or
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biological contaminations, can lead to the formation of
HCI or H,S, respectively, during the cracking process.
These two gases are known to cause high-temperature
corrosion of metallic materials.">*® Thus, conditions
that form in the reactor zone during the thermal
decomposition of plastic waste are reducing and are
expected to contain several corrosive agents. Besides
sulfidation also the formation of volatile corrosion
products is possible. In both cases, the formed corrosion
scales are loose and nonprotective. A severe corrosive
attack of the alloys is the consequence.>”*"]

These complex and mixed gas atmospheres are
challenging for the prediction of the high-temperature
corrosion behavior of alloys due to a variety of several
interacting and simultaneous occurring chemical
reactions. In contrast to many fundamental processes of
high-temperature corrosion that are nowadays under-
stood, for complex technical atmospheres and sophisti-
cated technical materials, this knowledge can only be
used to make approaches and to interpret observed
tendencies.!®!*2%! Thus, there is still a strong need for
intensive research in the field of high-temperature
corrosion, based on experimental investigations, to
describe the actual behavior of the materials and the
corrosion mechanisms behind this.

In several cases, thermodynamic data can help to
understand and describe corrosion mechanisms. Equili-
brium calculations can be a useful tool for the prediction
of which chemical reactions may take place during a
corrosion process by determining the most stable state of
the reacting system. The change in Gibbs free energy AG®
is therefore helpful to analyze corrosion reactions. If the
change of AG® is negative for a corrosion reaction, the

reaction occurs spontaneously and the reaction can take
place [23:26-28]

In complex atmospheres, with more than one reactive
gaseous compound, these thermodynamic calculations
have to be performed for all relevant reaction partners,
which can form a corrosion product. The calculated
results can be illustrated in isothermal phase stability
diagrams. Phase stability diagrams can also be applied if
a material consists of various alloying elements, in which
each element can react with the surrounding atmosphere
to form different corrosion products. It should be
emphasized that these diagrams are only thermo-
dynamical reflections and do not consider kinetic effects.
Another drawback of phase stability diagrams is that
interactions between three or more gaseous species are
excluded since the diagrams are only two-dimensional.
Nevertheless, they are helpful for first estimations of the
type of material that may show protective behavior in a
particular atmosphere.!2327-2%!

The high-temperature corrosion behavior in reducing
HCI and H,S containing atmospheres of several alloys,
ranging from low-alloyed ferritic K90941 up to highly
alloyed austenitic N10276, was investigated at various
conditions during previous studies!®'8-22242529301 apq
different corrosion models were generated.!'®2%2*23 In
Table 1, an overview of all performed experiments in
reducing HCI and H2S-containing atmospheres is pre-
sented and corresponding references to the published
results are denoted. A detailed analysis of these results
can be found in the respective references. The main
challenge in developing the corrosion mechanisms was
the overall chemistry, including thermodynamics, kinet-
ics, diffusion, and so on, due to a variety of possible

TABLE 1 Overview of performed tests (parameters: material, atmosphere, temperature) with the mark “x” showing that experiments
were executed
Low-H,S Mid-H,S High-H,S
Material 420°C 480°C 580°C 680°C 420°C 480°C 580°C 420°C 480°C 580°C
K90941 X[Z]] X[29] X[21,29] X[19,29] X X X X[Zl] X X[Zl]
$30403 <125 <125 <25 <25 1251 1251 <1251 251 <25
$31603 X[25] X[25] X[25] X[25] X[25] X[25] X[25] X[25] X[25]
S32205 X[6,29] X[6,29] X[6,19,22,29J
$30815 125 1251 125 <25 1251 125! 1251 125! 25
S31400 5[6:2029] [6:29] 5([6:18:19.29,30]
$31008 <251 <251 1251 <251 1251 125! 125! 125! 251
NO08811 X[21,25] X[ZO,ZS,ZQ] X[21,25,29] X[19,29] X[ZS] X[ZS] X[25] X[21,25] X[ZS] X[21,25]
N06600 (20291 1291 ([19:20.29]
N10276 S X el

Note: Composition of low-H2S, mid-H2S, and high-H2S gas mixture can be found in Table 3.
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chemical reactions and no data available for the actual
corrosion zone. In this article, a detailed thermodynamic
analysis of previously achieved experimental results is
presented and the approach that is used to achieve the
corrosion mechanisms is explained in detail.

2 | EXPERIMENTAL METHODS
AND MATERIALS

From a collection of recently achieved experimental
results and in combination with detailed thermodynamic
analysis, an overall concept of corrosion mechanisms in
reducing HCl and H2S-containing atmospheres was
developed. Therefore, thermodynamic calculations are
discussed on the basis of results of the ferritic material
K90941 and of results of the austenitic materials S30403,
S31603, S30815, S31008, and N08811, which were already
published in a previous study.!*>! The chemical composi-
tions of the alloys are shown in Table 2.

The corrosion experiments were done to evaluate the
material behavior under process conditions simulating a
thermal cracking process of waste plastics. The tests were
performed at 420°C, 480°C, and 580°C in lab-scale test
equipment consisting of a silica glass tube, in which the
samples were placed. After purging with N,, the assembly
was heated up by a tube furnace and then the HCI and H,S
containing the gas mixture were induced. A detailed
explanation of the setup of the test equipment can be found
in previous studies and is not the subject of this article.[*’)

The test gas mixtures, which were used for the
experiments, consisted of a varying amount of H,S (0.02,
0.2, or 2vol%) and 3.8 vol% HCI, 1.9 vol% CO,, 0.3 vol% CO,
2.8 vol% H,, bal. N,, representing possible atmospheres of a
thermal cracking process of waste plastics. The different gas
mixtures are denoted as a low-H,S mixture, mid-H,S
mixture, and high-H,S mixture, respectively. The exact gas
compositions are listed in Table 3.

After the experiments, metallographic cross-sections
of the corroded materials were prepared for scanning

TABLE 2
[Wt%]

Material Fe Ni Cr C Mn Si Mo Ti Al

Chemical composition of the tested materials in

K90941 89 - 9 010 05 05 1 - -
530403 70 10 183 0.01 12 04 03 - =

531603 69 102 168 0.01 1.8 03 2 - -
S30815 66 11 21 0.08 08 15 - = =
$31008 50.5 21 25 0.03 2 1.5 - - -

NO08811 47.5 304 20.5 0.07 06 - =

TABLE 3 Composition of the test gas atmospheres in [vol%]

Gas nomenclature H,S HClI CO CO, H, N,

Low-H,S 0.02 3.8 0.3 1.9 2.8  bal
Mid-H,S 0.2 3.8 0.3 1.9 2.8  bal
High-H,S 2 3.8 0.3 1.9 2.8  bal.

electron microscopy-energy dispersive X-ray (SEM/EDX)
investigations (Zeiss, EVO MA 25° LaBg cathode,
samples sputtered with gold). Loose corrosion products
were characterized by X-ray diffraction analysis (XRD)
(PanAlytical X'Pert Pro diffractometer, Bragg-Brentano
geometry, CuK., , radiation, X'Celerator multi-channel
detector, zero-background silicon sample holder, scan
length 2.546°, 20 range 5-70°, 10 s exposure time per scan
length). The mass loss was determined by removing the
corrosion products with 5% hydrochloric acid and a wire
brush. A detailed experimental procedure can be found
in previous studies and is not the subject of this
article.!®2")

Several thermodynamic calculations for the different test
conditions were done with the software Fact Sage 8.0. The
method of the thermodynamic equilibrium calculations is
based on the minimization of Gibbs free energy in a closed
and homogeneous system. Chemical equilibrium can be
calculated if a system is defined in terms of temperature,
pressure (or volume), enthalpy, and equilibrium activities of
any phase in the system. As a result, the amounts of all
stable phases, which reach a state of chemical equilibrium,
are given as a function of temperature.”*"! Thereby,
equilibrium calculations of the initial gas mixtures were
performed, receiving partial pressures of all gas species that
will be thermodynamically established. In addition, equili-
brium calculations of the initial gas mixtures with consider-
ation of the three main metals (Fe, Cr, Ni) were performed
for all conditions, assuming an excess amount of metal of
1000 mole. With this method, all solid reaction products
(activity=1), as well as partial pressures of important
volatile reaction products, could be predicted. Moreover,
several calculations about Gibbs free energy of reaction were
performed to assess, which reactions are most favored. In
addition to thermodynamic calculations, quasi-stability
diagrams for the systems Me-S-O-Cl were created according
to the concept of Bender, Schiitze, and Schwalm.!*>?!

3 | RESULTS AND DISCUSSION

3.1 | Thermodynamic evaluation

In general, thermodynamics is able to predict which
reaction products are in equilibrium with a defined
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environment at a certain temperature. It can help to
estimate the formation of corrosion products. For
thermodynamic assessment of the corrosion behavior of
alloys in reducing HCI and H2S-containing environments,
equilibrium calculations of the gas mixtures with and
without consideration of the base metals, as well as
calculations about free energies of reaction were per-
formed. However, these calculations consider only ther-
modynamic equilibrium states of reactions, whereas none
beyond these equilibrium states is captured. In addition,
thermodynamics is not able to predict the rate of corrosion
reactions, which is part of kinetics.**!

3.1.1 |
mixtures

Equilibrium calculations of the gas

To evaluate the partial pressures of corrosive species
formed in the different tested gas atmospheres, thermo-
dynamic equilibrium calculations for the initial gas
mixtures (Table 3) were performed. As a first step, these
calculations were done without the consideration of the
reaction with metals and only for the gas environments
themselves. In Table 4 most relevant partial pressures,
which will arise in the initial gas mixtures are listed.
Partial pressures of H,O, which established in the gas
mixtures due to the reverse water gas shift reaction, were
added since H,O was identified to take part in the given
corrosion processes.'*!

As shown in Table 4, the three reducing atmo-
spheres produce very similar chlorine and oxygen
partial pressures at the same temperatures, while the
sulfur pressures differ. The high-H,S mixture provided
the largest sulfur pressure, followed by the mid-H,S
mixture and the low-H,S mixture. Thus, it could be seen

that the subsidizing character was highest in the high-
H,S mixture.

3.1.2 | Equilibrium calculations considering
the main metals

Additional thermodynamic equilibrium calculations of
the initial gas mixtures considering reactions with the
three main metals (Fe, Cr, Ni) were performed for all
conditions, assuming an excess amount of metal of 1000
mole. With this method, thermodynamically most stable
products are evaluated. Corrosion processes like the
sulfidation of metals will occur if the partial pressure of
the corrosive sulfur species in the gas atmosphere is
greater than the sulfur partial pressure in equilibrium
with the sulfide. These formation pressures of the
corresponding metal sulfides can be calculated via
thermodynamics. The same is applicable to the formation
of metal oxides, metal chlorides, and so on.
Calculations of the gas mixtures including all three
base metals in one calculation step were considered to be
not successful since only reaction products of the most
reactive metal (Cr) with the gas phase would be revealed,
whereas the less reactive metals (Fe and Ni) would
remain in their metallic form. Thus, separate calculations
for each metal with every gas mixture were performed.
An overview of resulting solid reaction products with an
activity equal to one can be found in Table 5. In Table 6
most relevant volatile corrosion products, which will
form during reactions of the metal with the gas mixture,
and their calculated partial pressures for p = 10~'° bar are
listed. These vapor pressures account for the whole gas
mixture and not only for the reaction of metal with the
individual gas species. Table 6 can present a helpful

TABLE 4 Partial pressures of most relevant gas components of the given atmospheres (initial conditions) at different temperatures in

[bar] without consideration of the main metals (calculated by FactSage 8.1)

420°C 480°C 580°C
Gas species Low-H,S Mid-H,S High-H,S Low-H,S Mid-H,S High-H,S Low-H,S Mid-H,S High-H,S
S, 89x107" 89 x107" 89 x10™® 54 x107"? 54 x107'° 54 x107%® 1.2 x107'° 1.2 x107® 12 x107%
Cl, 1.5%107* 1.5 x107'° 1.5 x107* 14 x107" 14 X107 1.4 x107" 42 x107** 42 x107* 42 x107*
0, 22 x107% 22 x107* 22 x107* 50 x107*° 51 x107*° 51 x107° 3.6 x107* 3.6 x107*® 3.6 x107*°
H,S 2.0 X107 2.0 x107® 2.0 x1072 2.0 x107™* 2.0 x107® 2.0 x107** 2.0 x107** 2.0 X107 2.0 x107*
HCI 3.8 X107 38 x107% 3.8 x107 3.8 X107 3.8 x107** 3.8 x107* 3.8 X107 3.8 X107 3.8 x107*
Co 1.6 X107 1.6 X107 1.6 X107 52 x107® 52 x107® 52 x100® 1.0 x107** 1.0 x107** 1.0 x107*
Co, 14 X107 1.4 X107 14 x107? 1.4 x1072 14 x107% 14 x107” 1.1 x107** 1.1 x107° 1.1 x107%
H, 1.3 X107 1.3 X107 1.3 x107 1.8 x107** 1.8 x107°* 1.8 X107 2.0 x107** 2.0 x107°* 2.0 x10™*
H,0 1.1 x1072 1.1 X107 1.1 x1072 7.9 X107 8.0 x107® 8.0 x10™* 7.5 x107 7.5 x10™® 7.6 x107%
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Low- H,S Mid- H,S High- H,S

420°C 480°C 580°C 420°C 480°C 580°C 420°C 480°C 580°C
Cr Cr Cr Cr Cr Cr Cr Cr Cr
Cr,N Cr,N Cr,N Cr,N Cr,N Cr,N Cr,N Cr,N Cr,N
CrCl, CrCl, CrCl, CrCl, CrCl, CrCl, CrCl, CrCl, CrCl,
Cr,0;5 Cr,05 Cr,05 Cr,05 Cr,05 Cr,05 Cr,05 Cr,05 Cr,05
CrS CrS CrS CrS CrS CrS CrS CrS CrS
Fe Fe Fe Fe Fe Fe Fe Fe Fe
FeCl, FeCl, FeCl, FeCl, FeCl, FeCl, FeCl, FeCl, FeCl,
Fe;0, Fe;0,4 FeO Fe;0,4 Fe;0,4 FeO Fe;0,4 Fe;0,4 FeO
FeS FeS FeS FeS FeS FeS FeS FeS FeS
Ni Ni Ni Ni Ni Ni Ni Ni Ni
NiCl, - - NiCl, - - - - -
NisS, NisS, NisS, NisS, Ni;S, Ni,S, Ni,S, NisS, NisS,

Note: Obtained from thermodynamic equilibrium calculations of the different H2S-mixtures considering the three main metals Cr, Fe, Ni (for each metal Cr,

Fe, Ni separately calculated) assuming excess metal (1000 mole) at different temperatures.

TABLE 6 Calculated corrosion products (gaseous) with corresponding vapor pressures down to 10™*bar

420°C 480°C
Vapor pressure
Product [bar] Product
FeCl, 1079 FeCl,
NiCl, 1078 (FeCl),
(FeCly), 10798 NiCl,
FeCl, 107! CrCl,
CrCl, 107! FeCl,
CrCl, 107 CrCl;
Fe(OH), 1071 Fe(OH),
CrCl
NiCl

580°C
Vapor pressure Vapor pressure
[bar] Product [bar]
107% FeCl, 107
1077 (FeCL,), 107
107 NiCl, 1077
107 CrCl, 1077
107" FeCl, 1077
107" CrCl, 107'°
107 CrcCl 107
107 Fe(OH), 10712
107 NiCl 107"
- Fe(Cly), 107

Note: Products are equal for all gas mixtures irrespective of H2S content. Obtained from thermodynamic equilibrium calculations of the different H2S-mixtures
considering the three main metals Cr, Fe, Ni (for each metal Cr, Fe, Ni separately calculated) assuming excess metal (1000 mole) at different temperatures.

indication to estimate the possible volatilization of
different metal chlorides and other volatile species.
Comparing the predicted phases of the different
H,S-mixtures in Table 5, no differences between
formed corrosion products are visible, except that the
formation of NiCl, is only predicted at 420°C in the
low- and the mid-H,S mixture. At all other conditions,
NiCl, is thermodynamically not expected. Comparing
the calculated vapor pressures of volatile corrosion

products (Table 6), it can be seen that vapor pressures
differ between the temperature, but not between the
gas mixtures when excess metal (1000 mole) is used in
the calculation. With the rising temperature, the vapor
pressure of the individual products also increased, and
overall more volatile species are present in the gas
phase down to a defined vapor pressure (in Table 6
down to 107" bar). Thus, with the data of Tables 5 and
6, a similar corrosion behavior would be expected in the
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three atmospheres regarding the formation of solid
and volatile corrosion products depending only on
temperature.

3.1.3 | Gibbs free energy of reaction

As thermodynamic equilibrium calculations considered
the main metals (Cr, Fe, Ni) separately, it was also of
interest, which reactions preferentially will take place.
Thus, calculations of Gibbs free energy of reaction of
several reactions were performed and calculated A,G°
values are given in Table 7.

Since the formation of metal chlorides was predicted,
the reaction of the base metal with HCI is assumed. As
can be seen in Table 7, in the case of reactions of HCl
with the three main metals, the reaction with Cr shows
the most negative A,G° value indicating that this reaction
will take place preferentially, followed by iron. Nickel
even shows a positive A,G° value, thus it can be assumed
that the reaction of nickel with HCI will only take place

TABLE 7 A.G° values of several possible reactions in [J]

Chemical reaction

1 Fe + 2 HCl - FeCl, + H,

2 Ni + 2 HCI - NiCl, + H,

3 Cr + 2 HCI - CrCl, + H,

4 Fe + H,S - FeS + H,

5 Fe + 2 H,S—>FeS,+2 H,

6 Ni + H,S - NiS + H,

7 Ni + 2/3 H,S—-1/3 Ni3S2+2/3 H,

8 Cr + H,S—-CrS + H,

9 Cr + 3/2 H,S—>1/2 Cr,S; + 3/2 H,

10 Cr + 4/3 H,S—>1/3 Cr3S,+4/3 H,

11 FeCl, + H,S - FeS + 2 HCl

12 NiCl, + H,S - NiS + 2 HCl

13 CrCl, + H,S - CrS + 2 HCl

14 CrCl, +3/2 H,S > 1/2 Cr,S; + 2 HC1 + 1/2 H,
15 CrCl, +4/3 H,S—>1/3 Cr3S,+ 2 HCI + 1/3 H,
16 CO,+ H, -~ CO + H,0

17 FeCl, + H,0 - FeO + 2 HCI

18 NiCl, + H,0 - NiO + 2 HCI

19 CrCl, +3/2 H,0-1/2 Cr,03+ 2 HCl + 1/2 H,
20 2 Cr + 1/2 N, -» Cr,N

to a very small amount as the equilibrium of the reaction
is on the educts side. The reactions of the main metals
with H,S also revealed the most negative A,G° values for
the reaction of chromium with H,S indicating that this
metal will be preferentially attacked and form the
corresponding sulfides.

In addition to reactions of HCl and H,S with the
base metals, also the reactions of volatile metal
chlorides with H,S were considered. According to
A,G° values for these reactions, first NiCl, would react
to form nickel sulfide and then FeCl, and CrCl,. But
since NiCl, is expected to be the least available metal
chloride, it is hard to predict which reactions will
dominate. This is illustrated in Figure 1, where
respective A,G° values are plotted versus temperature,
which will be discussed in a later section.

Nevertheless, due to the variety of possible chemical
reactions, it is not possible to forecast which reactions
will take place to what extent. Thus, to identify which
corrosion products might actually form, experimental
data are needed.

AG°[J]

420°C 480°C 580°C
—55878 —47913 —34808
—2608 6932 22634
—109769 —101822 —88812
—62719 —62152 —61302
—48981 —42892 —32899
—34722 —32955 —30150
—35817 —34170 —32086
—94551 —93528 —91972
—99922 —97820 —94549
—96717 —94627 —91252
—6840 —14239 —26494
—32114 —39887 —52784
15218 8294 —3160
9847 4002 —5737
13052 7195 —2440
13378 11278 7887
46038 38647 26405
36074 28627 16248
—48345 —53465 —61977
—72955 —68746 —61845

Note: Bold values show negative A,G° values meaning that these reactions can occur spontaneously and can take place.
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4,E+04

2,E+04

*=Ni + 2 HCl — NiCI2 + H2
—o—Fe + 2 HCl — FeCI2 + H2
Cr+2 HCl — CrCI2 + H2
—4=Ni+ 2/3 H2S — 1/3 Ni3S2 + 2/3 H2
—4=Fe + H2S — FeS + H2
Cr+ 3/2 H2S — 1/2 Cr2S3 + 3/2 H2
CrCI2 +3/2 H2S — 1/2 Cr2S3 + 2 HC1 + 1/2 H2

0,E+00

-2,E+04

AG[J]

-6,E+04

-8,E+04

-1,E+05

404 IRARALLTTPR. ~ /

-®--FeCl2 + H2S — FeS +2 HCI
+-®--NiCI2 + H2S — NiS + 2 HCl

-1,E+05 ‘
420 480
Temperature [°C]

FIGURE 1

3.14 | Quasi-stability diagrams

In addition to the equilibrium calculations, and as a final
thermodynamical step, quasi-stability diagrams of the
system Me-S,—-Cl,-O, with Me=Fe, Cr, Ni were con-
structed following the example of Bender, Schiitze, and
Schwalm.'>*?! With these diagrams the corrosion prod-
ucts that might form under calculated partial pressures of
the different test gas atmospheres (Table 4) can be
estimated.

Quasi-stability diagrams are based on thermodynamic
calculations in combination with the Hertz-Langmuir
equation. In contrast to conventional phase-stability
diagrams, which only consider solid and liquid phases
with a=1, quasi-stability diagrams also include the
formation of certain gaseous components above solid or
liquid phases. In such diagrams, the partial pressures of
chlorine and oxygen under which the partial pressure of
the volatile corrosion products reaches 10™* bar are
calculated for a constant temperature. At pressures
> 107" bar, it is assumed that mass loss due to evaporating
metal chlorides is significant. This boundary value, at
which the emerging corrosion products’ partial pressure
reaches 10~ bar, was based on experimental observations
and the assumption that all metals react similarly to iron.
This value is often considered critical for gaseous corrosion

580

Gibbs free energies of selected reactions against temperature [Color figure can be viewed at wileyonlinelibrary.com]

products and a theoretical explanation for it can be found
in the Hertz-Langmuir equation.l>*** Quasi-stability
diagrams show that the possible risk of chlorine-induced
high-temperature corrosion is underestimated. Thus, the
diagrams can be a useful tool to assess the potential for the
formation of volatile corrosion products.

Quasi-stability diagrams for the system Me-S,
-Cl,-0, (Me=Fe, Cr, Ni) with an indication of the
equilibrium partial pressures of the corrosive species for
all given gas mixtures were constructed. Figure 2 gives an
example of one of those quasi-stability diagrams on the
system Fe-S,-Cl,-0, at 580°C. The different marks in
Figure 2 represent the respective partial pressures, which
were calculated to be formed in the initial gas mixtures
(Table 4). At 580°C, partial pressures of chlorine were
calculated for all three mixtures to be in the range of
107 bar and for oxygen to be around 1072 bar. This
explains why in the Fe-O,-Cl, (Figure 2c) system the
three marks overlap. However, as can be seen, partial
pressures of sulfur differ. The sulfur pressure, which
forms in the low-H,S mixture (represented by the red
triangle in Figure 2) was calculated to be the lowest with
around 107" bar. The sulfur partial pressure of the mid-
H,S mixture (represented by the blue circle in Figure 2)
laid in the middle with around 10 bar and the sulfur
partial pressure of the high-H,S mixture (represented by
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(a) Fe-Cl,-S,, 580°C

p(FeClx(g)) = 1.0000E-04 bar, p(FeCl;(g)) = 1.0000E-04 bar, '+ = 1.0 bar P(total) is

(b) Fe-0,-S,, 580°C

+' = 1 bar P(total) isobar

5 5 T T
FeS,(s) FeSy(s)
0k + 0k .
E L / *y Ea S (o) +
CToRST + T SrOTST +
5F + 5F .
£ FeS(s:) : FeCl El A
g 10 | ? 3(g)+ g 10 | FeS(s,)
o015t + @5
T -
.20 | * .20 F
5’ FeCly(g) 5’
25 ¢ Fe(s) + 25 | Fels) Fes0.(s)
Fe((s)
-30 f * -30 f
-35 . . . : -35 . . . .
-35  -30 -20 -15 -10 0 35  -30 -20 -15 -10 5 0 5
log,,(P(Cl,) / bar) l0g,,(P(O,) / bar)
(C) Fe-0,-Cl,, 580°C
p(FeCl,(g)) = 1.0000E-04 bar, '+' = 1 bar P(total) isobar
5 . " - .
0
5 F +
g 10k Fe;04(s) .
o5t .
.
.20} Fe.O +
g) €;0.(s2) FeCly(g)
25 E el L] +
' =7
FeCl,(g)
-30 Fe(s) 49 .
-35 . . .
35  -30 -20 -15 -10 0 5
log,o(P(Cl,) / bar)

FIGURE 2 Quasi-stability diagrams of the system Fe-S,-Cl,-O, at 580°C with marks representing the partial pressures of the different
mixtures (red triangle = low-H,S mixture, blue circle = mid-H,S mixture, green square = high-H,S mixture), whereby marks in (c) Fe-O,-Cl, are

overlapping due to same partial pressures of oxygen and chlorine in all three gas mixtures. [Color figure can be viewed at wileyonlinelibrary.com]

the green square in Figure 2) was calculated to be the
highest with around 107% bar. Therefore, the quasi-
stability diagrams estimate for the low-H,S mixture (red
triangle) and the mid-H,S mixture (blue circle) at 580°C
the thermodynamically stable phases FeCl, and FeS, and
for the high-H,S mixture (green square) the thermo-
dynamically stable phases FeCl,, FeS, and FeS,. In the
case of the mid-H,S mixture, it can be shown that in the
Fe-S,-Cl, diagram the blue circle is on the borderline
between FeCl, and FeS. Thus, it can be assumed that H,S
and HCI compete simultaneously for the predominance
of iron and, depending on local shifts of sulfur and
chlorine partial pressure due to other reactions, either
H,S or HCI will react with iron.

The other quasi-stability diagrams of the systems
Me-S,-Cl,-0, (Me=Fe, Cr, Ni) at different tempera-
tures can be found in the Supporting Information
Material. In Table 8, thermodynamically stable phases
according to the quasi-stability diagrams for each
system Me-S,-Cl,-O, are listed. As indicated in
Table 8, the tendency to form metal sulfides is largest

in the high-H,S mixture, since also the Fe-S,-Cl, and
the Cr-S,-Cl, system reveal the formation of sulfides at
all temperatures compared with the low- and mid-H,S
mixtures, where the formation of FeCl, and CrCl, is
predicted. With regard to volatile species, the Fe-Cl,-O,
systems give an indication that gaseous FeCl, might
form from 580°C in all mixtures. Thus, it can be
assumed that volatile products play a role in the
corrosion processes in the given gas mixtures and that
the sulfidizing character of the environment will be the
largest in the high-H,S mixture.

3.1.5 | Consolidation of thermodynamic
data and possible corrosion reactions

As partial pressures (Table 4), which are established in
the gas mixtures, are much higher for sulfur and chlorine
than for oxygen, sulfur, and chlorine-containing gas
species, H,S and HCI, widely determine the corrosion
processes. Their individual interactions with the three
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TABLE 8 Phases identified in quasi-stability diagrams of several Me-S,-Cl,-O, systems with partial pressures of S,, Cl,, and O,

calculated from the initial gas mixtures without consideration of main metals (listed in Table 4)

Low-H,S Mid-H,S High-H,S
System 420°C 480°C 580°C 420°C 480°C 580°C 420°C 480°C 580°C
Fe-S,-Cl, FeCly(s) FeCly(s) FeCly(g) FeCl,(s)/ FeCly(s)/ FeCly(g)/ FeS,(s) FeS,(s) FeS(s)/
FeS(s) FeS(s) FeS(s) FeS,(s)
Fe-S,-0,  FeS(s) FeS(s) FeS(s) FeS(s) FeS(s) FeS(s) FeS,(s) FeS,(s) FeS(s)/
FeS,(s)
Fe-Cl,-0, FeCly(s) FeCly(s) FeCly(g) FeCly(s) FeCl,(s) FeCly(g) FeCly(s)  FeCly(s) FeCl,(g)
Cr-S,—Cl, CrCly(s) CrCly(s) CrCly(s) CrCl,(s) CrCly(s)/ CrCly(s)/ Cr,S5(s) Cr,Ss(s) Cr,Ss(s)
Cr,S5(s) Cr,S5(s)
Cr-S,-0, Cr203(S) Cr203(s) Cr203(s) Cr203(S) Cr203(s) Cr203(s) Cr203(s) Cr203(s) Cr203(s)
Cr-Cl,-O, Cr,05(s) Cr,05(s) Cr,05(s) Cr,05(s) Cr,05(s) Cr,05(s) Cr,05(s)  Cr,05(s) Cr,05(s)
Ni-S,-Cl,  NigSg(s)  Ni,;Se(s)/ Ni;Se(s) NigSg(s)/ NigSs(s)/ NiySg(s) NiS,(s) Ni;S4(s)/ NizS4(s)/
NiySg(s) NizS4(s) Ni3S4(s) NiS,(s) NiS,(s)
Ni—82—02 ngSg(S) N17S6(S)/ N17SG(S) ngSg(S)/ ngSg(S)/ ngSg(S) NISZ(S) N13S4(S)/ N13S4(S)/
NigSg(s) NisS4(s) Ni3S,(s) NiS,(s) NiS,(s)
Ni-Cl,-O, NiCly(s) NiCly(s) Ni(s)/ NiCl,(s) NiCl,(s) Ni(s)/ NiCly(s)  NiCly(s) Ni(s)/
NiClLy(s) NiCly(s) NiCly(s)

base metals under different conditions and deductive
assumptions for their behavior in the alloys will be
discussed in the following.

Interactions between HCI and base metal

HCI is very aggressive since it is able to react with the
metals to form solid metal chlorides also volatile reaction
products (Tables 5 and 6). Thereby, the three base metals
show different reactivity with HCl depending on
temperature as can be seen from Reactions 1 to 3 in
Table 7.

In general, chromium shows the most negative
ArGO value for the reaction with HCI, followed by iron,
and finally by nickel. Thus, chromium will be
preferentially attacked by HCI to form chromium
chlorides. As soon as all chromium is consumed, iron
will react to form its metal chlorides and finally nickel.
Since A,G° values for the reaction of nickel with HCI
are positive at 480°C and 580°C, nickel will mainly
remain in its metallic form and will barely react with
HCI at these temperatures.

In general, A,G° values for the formation of metal
chlorides become more negative with decreasing temper-
ature. Thus, the formation of metal chlorides is enhanced
at 420°C compared with higher testing temperatures. But
in addition to the possible formation of metal chlorides,
also their volatile behavior and their vapor pressures
have to be considered.

As shown in Table 6, the vapor pressures of several
metal chlorides increased with rising temperature and in

general, more volatile species are present in the gas phase
up to a defined vapor pressure (in Table 6 up to 10™*°
bar). As previously discussed, it is assumed that mass loss
due to evaporation of metal chlorides is significant at
pressures = 10™* bar.

As shown in Table 6, the vapor pressures for FeCl,,
Fe(Cl,),, and NiCl, are higher than for CrCl, at all
temperatures. Thus, CrCl,, which forms preferentially
compared to FeCl, and NiCl,, will partly remain in the
solid corrosion zone. FeCl,, which has the highest vapor
pressure, evaporates to a large extent, as soon as it is
formed, especially at 580°C. Thus, evaporation of FeCl,
will widely determine the corrosion behavior. NiCl,
contributes only to a small part to the mass loss of the
alloys since vapor pressures of NiCl, are smaller than
10~ bar and since nickel is anyways the last metal to be
attacked by HCI. In general, evaporation of metal
chlorides is more pronounced at higher temperatures.

Hence, at lower temperatures, the formation of metal
chlorides is, on the one hand, preferential due to more
negative A,G® values, but vapor pressures are much
lower and evaporation should only play a subordinate
role. Thus, it is expected that formed metal chlorides will
remain to a large extent in the corrosion layer.

At 580°C, it can be expected that evaporation of FeCl,
will strongly determine the corrosion behavior if enough
FeCl, can be formed, which depends on the local
availability of this alloying element. Alloys with low
chromium and high iron content will show a high
corrosion rate. In contrast, it seems likely that alloys with
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a high nickel content and low iron content, are less
attacked since nickel will mainly act inert (posi-
tive A,G°).

Interactions between H,S and base metal

H,S is able to react with the metals to form several metal
sulfides (Table 5). Thereby, the three base metals show
different reactivity with H,S depending on temperature
as can be seen from Reactions 4 to 10 in Table 7.

Again, chromium shows the most negative AG°
values for the reactions with H,S, followed by iron and
nickel. Thus, chromium will be preferentially attacked by
H,S to form several chromium sulfides. As soon as all
chromium is consumed, iron will react to form iron
sulfides, whereas the formation of FeS seems more likely
than the formation of FeS, due to a more negative AG°
value (Table 7). In the end, nickel will be attacked by
H,S, whereas the formation of nickel sulfides is possible
at all temperatures according to Table 7. In general, A,G°
values for the formation of metal sulfides become again
more negative with increasing temperature.

In addition, the varying amount of H,S has to be
considered, which is not evident from ArGO calculations.
But as shown in Table 4, the partial pressure of sulfur
rises with increasing H,S content in the gas mixture.
Applying these sulfur pressures to the quasi-stability
diagrams (Table 8 and Supporting Information Material),
it can be indicated that, especially in the high-H,S
atmosphere, the sulfidizing effect is increased.

Interactions between MeCl,, and test gas

Since volatile metal chlorides are formed, which can
diffuse outwards, further reactions of those species with
the testing gas atmosphere are plausible. In Table 7,
several reactions of MeCl, with gas species revealing
negative A,G° values are given. Thereby, reactions of
metal chlorides with H,S seem to be the most probable,
since reactions with other gas species showed only
positive A,G° values and Reaction 19 (Table 7) is only
possible if H,O is formed due to the reverse water gas
shift reaction (Reaction 16 in Table 7). However, as can
be seen, the equilibrium of Reaction 16 is strongly on the
educts side and thus, only a very limited amount of H,O
will be formed. The amount of H,O rises with increasing
temperatures and the formation of Cr,O; out of CrCl,
(Reaction 19) is enhanced at 580°C compared with 420°C
and 480°C.

Returning to the reactions of metal chlorides with
H.,S (Reactions 11-15 in Table 7), A,G° values show that
NiCl, will preferentially react with H,S, followed by
FeCl, and in the end by CrCl,. However, since NiCl, will
only form to a small amount since it is the last metal
chloride to be formed and even shows positive A,G°

values at 480°C and 580°C (Reaction 2 in Table 7), FeCl,
and CrCl, will contribute to a larger extent to the
interactions with H,S. But since A,G° values for the
reactions of CrCl, with H,S are positive at 420°C and
480°C, formed CrCl, will either remain in its form or will
react with H,O, if available, according to Reaction 19.
Thus, the conversion of FeCl, with H,S to FeS seems to
be the most feasible one compared with other metal
chlorides.

3.2 | Experimental achievements

3.2.1 | Corrosion rates

Even though thermodynamics can be supportive to
confirm experimentally achieved statements, it is not
able to draw conclusions regarding the severity of a
corrosive attack. Therefore, the determination of corro-
sion rates is helpful, where also differences in the
performance of diverse materials can be visualized. In
Figures 3-6, the observed corrosion rates of the materials
after corrosion experiments at 420°C, 480°C, and 580°C
in the low-H,S, the mid-H,S, and the high-H,S mixture
are displayed, respectively.

In general, the corrosion rates of the materials increase
with increasing temperature and increasing H,S content,
with one exception which was K90941 in the mid-H,S
mixture at 580°C. At lower temperatures, the differences
in the corrosion rates of the tested alloys were not
significant irrespective of the gas composition. At higher
temperatures, these differences increased with rising H,S
amounts. In the low-H,S mixture, a correlation between
the corrosion rate and the nickel content of the alloys was
observable at 580°C, whereby the corrosion rates
decreased with the increasing nickel content of the alloys.
In the high-H,S mixture, a correlation between the
corrosion rates and the chromium content of the alloys
was observable at 580°C, whereby materials with higher
chromium contents showed the best corrosion resistance.
A more detailed analysis of measured corrosion rates and
of beneficial alloying elements can be found in previous
Studies.[l8,20,21,25]

Comparing different types of metals, one can say that
the ferritic material K90941 showed a poorer corrosion
resistance at all conditions than the austenitic materials,
with only one unexpected exception, which was the
performance of K90941 in the mid-H,S mixture at 580°C
(Figure 8). The corrosion rate of K90941 in the mid-H,S
mixture was even lower than its corrosion rate in the
low-H,S mixture at 580°C. This decrease in the corrosion
rate of K90941 will be explained in the following by
considering thermodynamic calculations.
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FIGURE 3 Corrosion rates of tested alloys after 240 h experiments in the low-H,S mixture (0.02 vol% H.,S, 3.8 vol% HCI, 1.9 vol% CO,,
0.3vol% CO, 2.8 vol% H,, bal. N,) at different temperatures in [mm/y] [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Corrosion rates of tested alloys after 240 h experiments in the mid-H,S mixture (0.2 vol% H,S, 3.8 vol% HCI, 1.9 vol% CO,, 0.
3vol% CO, 2.8 vol% H,, bal. N,) at different temperatures in [mm/y] [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Corrosion rates of tested alloys after 240 h experiments in the high-H,S mixture (2 vol% H,S, 3.8 vol% HCI, 1.9 vol% CO,, 0.
3vol% CO, 2.8 vol% H,, bal. N,) at different temperatures in [mm/y] [Color figure can be viewed at wileyonlinelibrary.com]

4,00
3,50
z
E 3,00
QO
[}
(=3
o
w250
-
<
-]
—]
S 200
ot
2
Dl
<
2 1,5
3
<
ot
g
3 1,00
ot
ot
(=]
Q

0,50

0,00

3,17

1 K90941

S30403
mS31603
u 830815
. S31008
mN08811

0,95 0,97

0,90 0,86

0,02 0,2 2
H,S content in gas mixture [vol%]

FIGURE 6 Corrosion rates of tested alloys after 240 h experiments at 580°C in different H,S mixtures (either 0.02 vol%, 0.2 vol%, or
2vol% H,S and 3.8 vol% HCI, 1.9 vol% CO,, 0.3vol% CO, 2.8 vol% H,, bal. N,) in [mm/y] [Color figure can be viewed at
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3.2.2 | Derived corrosion mechanisms
During several studies, experimental know-how in the
field of reducing HCI- and H,S- containing environments
was gained (Table 1) and different corrosion mechanisms
for diverse alloys under different conditions were
developed.['®2%2425] These mechanisms are mainly based
on practical observations and experience and only less on
thermodynamic data. This is due to the complexity of
these mixed gas atmospheres, the impact of volatile
corrosion products, and the ever-changing conditions
within the corrosion layer, which made it hard to predict
the actual corrosion behavior.

SEM/EDX mappings, which show the corrosion
structures of the ferritic and austenitic alloys, either
can be found in previous studies!®**222425 or for some
selected conditions on representative examples of K90941
and NO8811 in Figures 7-14. SEM/EDX mappings of
K90941 and N08811 for the remaining conditions can be
found in the Supporting Information Materials. Based on
the EDX mappings and observations, different corrosion
mechanisms for ferritic and austenitic materials could be

derived, which are schematically illustrated in Figures 15
and 16, respectively. A detailed explanation of these
corrosion structures and the underlying mechanisms can
be found in previous studies.!*8202!

The corrosion structures differed depending on mate-
rial, temperature, and gas mixture. In addition, the
behavior was strongly determined by the formation of
volatile metal chlorides, their possibility to evaporate, and
their subsequent reactions with H,S depending on the
amount of H,S in the gas mixtures. At low temperatures,
the materials formed iron sulfide layers on top, whereas in
the case of the austenitic materials also nickel was found
inside of the iron sulfide layers. Below that layer, a
chromium sulfide layer could be detected. The same
corrosion structures could be observed at high temperatures
in the mid-H,S and high-H,S mixture, whereas in the case
of the austenitic materials almost no nickel was found in
the iron sulfide layer. In the low-H,S mixture at high
temperatures, the corrosion structures revealed a chro-
mium sulfide layer on top. Iron was only found as
precipitated FeCl, in the colder parts of the test equipment.
The reasons for the differences of the corrosion structures

N08811
T=420°C
low-H,S

X e ) g

IQPS

-

FIGURE 7 NO08811 after 240 h, low-H,S mixture, 420°C. SEM and EDX element mapping of the cross-section. [Color figure can be

viewed at wileyonlinelibrary.com]
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50 pm

FIGURE 8 NO08811 after 240 h, low-H,S mixture, 580°C. SEM and EDX element mapping of the cross-section. [Color figure can be

viewed at wileyonlinelibrary.com]

and the derived corrosion mechanisms will be explained in
the following by means of thermodynamics.

3.3 | Correlation of thermodynamic
data and experimental achievements

Thermodynamic data will be discussed on basis of the
determined corrosion rates (Figures 3-6) and previously
derived and expanded corrosion mechanisms for ferritic
and austenitic materials, which are schematically shown
in Figures 15 and 16, respectively.!'®2%2*] The correlation
between the thermodynamically predicted corrosion
products and the experimental received results is dis-
cussed in the following.

3.3.1 | Formation of volatile metal chlorides
HCl is very aggressive since it is able to form volatile metal
chlorides, whereas the severity of their evaporation depends
on temperature. The vapor pressures of individual

corrosion products increase with rising temperature
(Table 6). Thus, at higher temperatures more volatile
products are formed, which affect the corrosion behavior.
Thereby, a partial pressure above 10™* bar is assumed as
critical for volatile corrosion products. Thus, especially the
formation of FeCl, at 580°C damages the materials.

This damaging effect of volatile species could be
verified in the low-H,S mixture on basis of precipitated
FeCl, at colder parts of the laboratory test equipment.
FeCl, that was formed on the samples due to the reaction
of Fe + HCI was carried away with the gas flow and
recrystallized at colder sites. In the mid-H,S mixture, this
effect was only partially observed, whereas in the high-
H,S mixture it was not detected anymore.

In general, the amount of detected metal chlorides
varied depending on temperature and gas mixture, which
is visualized in Table 9. With the rising temperature, the
amount of FeCl, also increased, especially in the low-
and mid-H,S mixture, which is in accordance with the
increasing vapor pressures in Table 6. However, the
amount in the mid-H,S mixture was still less at the same
temperature compared with the low-H,S mixture.
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N08811
T =420 °C
high-H,S

FIGURE 9 NO08811 after 240 h, high-H,S mixture, 420°C. SEM and EDX element mapping of the cross-section. [Color figure can be

viewed at wileyonlinelibrary.com]

In addition, the amount of precipitated FeCl, also
varied depending on the material, whereby materials
with higher iron content, like K90941, formed more
FeCl, than materials with smaller iron content, like
NO08811. The enhanced evaporation of FeCl, of materials
with higher iron content could also be reflected in the
higher corrosion rates. Thus, K90941 showed the highest
corrosion rate at 580°C in the low-H,S mixture due to the
strong evaporation of FeCl, compared with other
materials with less iron (Figure 3).

Several authors reported the significant formation of
volatile corrosion products at even much lower partial
pressures than 10 bar, and that the risk of evaporating
corrosion species should not be underrated.[*” This was
also verified during our studies as the vapor pressure of
FeCl, at 420°C was calculated to be 107° bar, but it still
precipitated at colder parts of the test equipment in the
low-H,S mixture. In addition, the vapor pressure of CrCl;
at 580°C was calculated to be 107'° bar. Despite the low
vapor pressure, it was detected by XRD analysis
after experiments in the low-H,S mixture at 580°C

(Figure 17). Besides FeCl, and CrCl;, XRD identified also
FeCl,(H,0),, whereby hydration of FeCl, happened due
to the hygroscopic behavior of FeCl, and the reaction
with water from the environment and not due to the
corrosion process itself.

In the high-H,S mixture, no precipitated FeCl,
could be detected, not even at high temperatures,
although thermodynamic predictions revealed the
formation of metal chlorides (Table 5) and also vapor
pressures were the same as for the low-H,S and mid-
H,S mixture (Table 6). This behavior will be discussed
later on.

Another indication of the attack of HCI, besides the
precipitated metal chlorides, can be found in the CI-EDX
mappings of the materials (representative examples of
K90941 and N08811 can be found in Figures 7-14 and in
the Supporting Information Material). In CI-EDX map-
pings of several materials, a certain amount of chlorine
could be detected under all conditions, even in the high-
H,S mixture. Thus, Reactions 1 to 3 (Table 7) still take
place in the high-H,S mixture.
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FIGURE 10 NO08811 after 240 h, high-H,S mixture, 580°C. SEM and EDX element mapping of the cross-section. [Color figure can be

viewed at wileyonlinelibrary.com]

However, besides metal chlorides also several metal
sulfides were detected during the experiments. And even
though the HCI content was identical in all gas mixtures
(3.8 vol%), the same materials showed different behaviors
in the three mixtures, also at the same temperature.
This could be verified by altering corrosion rates
(Figures 3-6). Thus, the varying amount of H,S and its
interaction with HCl and volatile species has to be
considered.

3.3.2 | Formation of metal sulfides

As thermodynamically predicted, the formation of
several metal sulfides could be observed during experi-
ments. Thereby, the severity of sulfide formation varied
depending on material, temperature, and gas mixture. In
general, the ferritic material was stronger attacked than
austenitic materials and the sulfide scales increased with
rising temperature and rising H,S content in the gas
mixture, which could be reflected in the corrosion rates
(Figures 3-6). Thus, in the high-H,S mixture, the

strongest tendency to form metal sulfides was observed,
as also indicated by quasi-stability diagrams (Table 8).
Besides the thickness of sulfide scales, also the structure
of the scales varied as schematically shown in Figures 15
and 16. For example, in the low-H,S mixture at high
temperatures, no iron sulfide was detected on the surface,
as was found in all other conditions, even though it was
thermodynamically predicted (Table 5). But instead,
chromium sulfide formed on top of the corrosion products.
As shown in Table 7 and Figure 1, chromium is the
first base metal that reacts with H,S. Thus, the formation
of chromium sulfide would not be surprising. However, in
the mid-H,S and high-H,S mixture also iron sulfides could
be detected on the surface at 580°C. The reason for the
altering corrosion structure in the mid-H,S and high-H,S
mixture can be found in the higher amount of available
H,S in the gas phase. But besides the higher amount of
H,S, also outwards diffusing metal chlorides that have
formed, have to be considered. These interactions of the
base metals and metal chlorides with HCI and a varying
amount of H,S and their possible prediction with
thermodynamics will be discussed in the following.
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FIGURE 11 K90941 after 240 h, low-H,S mixture, 420°C. SEM and EDX element mapping of the cross-section. [Color figure can be

viewed at wileyonlinelibrary.com]

3.3.3 | Interaction between gas mixture,
volatile species, and alloys

Comparing the corrosion rates (Figures 3-6), as well as the
corrosion mechanisms (Figures 15 and 16), one can see that
several differences were observed. Furthermore, various
beneficial alloying elements could be allocated under
different conditions as mentioned before. For assessment
and explanation of these corrosion rates and corrosion
mechanisms, thermodynamics can be a very useful tool.
Therefore, the derived corrosion mechanisms of
ferritic and austenitic materials can roughly be divided
into the behavior at lower testing temperatures (420°C
and 480°C) and into the behavior at higher testing
temperatures (580°C). For sake of simplicity and since
the observed corrosion behaviors of the materials are
similar at 420°C and 480°C, these two temperatures are
considered together, even though some deviations in
thermodynamic data occur, which is discussed afterward.
In addition to temperatures, it has to be differentiated
between the supply of H,S in the gas phase thus, the
behavior in the low-, the mid-and the high-H,S mixture.

Behavior of materials in the low-H,S mixture at low
temperatures

The most reactive base metal is chromium, whereas
chromium will primarily react with HCI and H,S to form
metal chlorides and metal sulfides, respectively, thereby
establishing the base of the corrosion zone. After
chromium, iron will be attacked followed by nickel.

At lower temperatures, the formation of metal
chlorides will more easily take place than at higher
temperatures due to more negative A,G° values. In
addition, contrary to higher temperatures, the formation
of NiCl, is thermodynamically predicted, which has to be
considered for austenitic materials.

However, the volatility of the formed metal chlorides
is not as pronounced as at high temperatures. Thus, they
will remain a big part of the corrosion layer. Due to their
long residence time in the corrosion zone, the conversion
of metal chlorides to metal sulfides by reaction with H,S
is possible, even though only a small amount of H,S is
present in the gas phase.

Since vapor pressures of FeCl, and NiCl, are slightly
higher than those of CrCl,, these two metal chlorides can
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FIGURE 12 K90941 after 240 h, low-H,S mixture, 580°C. SEM and EDX element mapping of the cross-section. [Color figure can be

viewed at wileyonlinelibrary.com]

diffuse outwards until they react with H,S. Therefore, an
iron-nickel-sulfide layer has formed on top of the
austenitic materials. Since the ferritic material does not
contain nickel, only an iron sulfide layer could be found
on the surface of the material.

Due to the low vapor pressures of formed metal
chlorides, also no big deviations between the ferritic
material and the austenitic materials can be observed. An
explanation of the mechanism in the low-H,S mixture at
low temperatures based on experimental considerations
can be found elsewhere.!*"’

Behavior of materials in the low-H,S mixture at high
temperatures

At high temperatures, the corrosion rates of the materials
decreased with increasing nickel and decreasing iron
content (Figure 3). From a thermodynamic point of view,
it seemed likely that alloys with a high nickel content
and low iron content are less attacked since nickel will
mainly act inert (positive A,G°). This could be verified
during experiments since an accumulation of nickel in
the border zone of the metals could be observed in the

SEM/EDX mappings of austenitic materials. This is also
in accordance with Ni-Cl,-O, quasi-stability diagrams
(Table 8) since they revealed that affecting partial
pressures of chlorine and sulfur of the low-H,S mixture
are at the border area of metallic nickel and NiCl,. In
addition, nickel would be the last metal to react with
H,S, after chromium and iron, and since only a small
amount of H,S is available other reactions are preferred.

The rise of corrosion rates with increasing iron
content can therefore be explained by the unhindered
evaporation of FeCl, and also no further reaction with
H,S due to a too small amount of this gas species in the
mixture. At 580°C, evaporation of FeCl, will strongly
determine the corrosion behavior, if enough FeCl, can be
formed, which depends on the local availability of this
alloying element, which was confirmed by the high
corrosion rate of K90941.

Thus, the high vapor pressure of metal chlorides at high
temperatures (Table 6) and the small partial pressure of
sulfur in the low-H,S mixture (Table 4), as well as favored
reactions of chromium with H,S due to more negative A,G°
values (Table 7), can explain why in case of the low-H,S
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T=420°Gs o .
high-H,S

FIGURE 13 K90941 after 240 h, high-H,S mixture, 420°C. SEM and EDX element mapping of the cross-section. [Color figure can be

viewed at wileyonlinelibrary.com]

mixture at high temperatures, chromium sulfide had
formed on top. An explanation of the mechanism in the
low-H,S mixture at high temperatures based on experi-
mental considerations can be found elsewhere.'®!

Behavior of materials in the mid-H,S mixture at low
temperatures

The same principles as for the low-H,S mixture at low
temperatures are applicable for the mid-H,S mixture at
low temperatures. The only difference is that the sulfide
formation proceeds to a larger extent due to a higher
amount of H,S in the gas phase, but otherwise, corrosion
structures, corrosion rates, and also predicted corrosion
products were similar.

Behavior of materials in the mid-H,S mixture at high
temperatures

In the mid-H,S mixture at high temperatures, the corrosion
behavior of the materials is different compared with the
low-H,S mixture. While in the low-H,S mixture chromium
sulfide was detected on top of the corrosion products, in the
mid-H,S mixture iron sulfide was observed. The reason for

the altered corrosion structures can be found in the higher
H.,S content of the mid-H,S mixture.

As for the low-H,S mixture, A,G° values and vapor
pressures of volatile metal chlorides are the same for all
atmospheres. Thus, the formation of CrCl, and FeCl, still
takes place at 580°C. Again, CrCl, mainly remains in the
corrosion zone, where it further reacts to form other
corrosion products, whereas FeCl, evaporates due to its
high vapor pressure. However, since the reaction of FeCl,
with H,S revealed a strongly negative A,G° value at
580°C (Reaction 11 in Table 7) and since enough H,S is
available in the gas phase, a certain amount of the
outwards diffusing FeCl, is converted to FeS, which can
be detected as corrosion layer on the surface. The rest of
the outwards diffusing FeCl,, which does not find H,S to
react, still evaporates but compared with the low-H,S
mixture this amount of FeCl, that is able to evaporate
without conversion to FeS is less in the mid-H,S mixture.
This could be verified by a smaller amount of precipi-
tated FeCl, (Table 9).

Comparing the corrosion rates of austenitic materials
with the ferritic material K90941 in the mid-H,S mixture
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K90941
T =580 °C
high-H,S

FIGURE 14 K90941 after 240 h, high-H,S mixture, 580°C. SEM and EDX element mapping of the cross-section. [Color figure can be

viewed at wileyonlinelibrary.com]

at 580°C; Figures 4-6), it can be seen that K90941
performed better than the austenitic materials. This was
unexpected since K90941 showed during all other test
conditions a poorer corrosion resistance compared with
the austenitic materials. The improved behavior of
K90941 in the mid-H,S mixture at 580°C compared with
the low-H,S mixture and to other materials can be
explained as follows:

As identified, in the low-H,S mixture formed metal
chlorides, especially FeCl,, can easily evaporate at 580°C
due to their high vapor pressure. In addition, no further
reaction of FeCl, with H,S to FeS will occur due to a too
small amount of H,S in the gas phase and favored
reactions of this gas species with chromium (Table 7).
Since K90941 contains a high amount of iron, the mass
loss is strongly attributed to the continuous evaporation
of FeCl,. Austenitic materials contain less iron and
subsequently volatilization of metal chlorides is a smaller
issue. Additionally, K90941 has the smallest amount of
chromium. Thus, the chromium sulfide and chromium
oxide layers that form on K90941 represent diffusion
barriers that are not as protective and uniform as those

formed on austenitic materials with higher chromium
content. In addition, austenitic materials contain nickel,
which rarely reacts to these conditions, thus a part of
these metals is inert. Since the corrosion behavior in the
low-H,S mixture is widely dominated by chlorination
processes, the lower corrosion resistance of K90941
compared with the austenitic materials can be explained.

However, in the mid-H,S mixture things change and
K90941 performs suddenly best. The reason for this
behavior might be found in the quasi-stability diagram of
the system Fe-Cl,-S, at 580°C (Figure 2). As illustrated
by the blue circle, the partial pressures of chlorine and
sulfur are right at the border between the stability of
FeCl, and FeS. It seems likely that competing processes
between the formation of FeCl, and FeS occur, which
slow down the corrosive attack. H,S and HCl might
compete simultaneously for the predominance of iron
and depending on local partial pressures of sulfur and
chlorine, which can locally change due to various
reactions, either H,S or HCI will finally react with iron.
Due to the iron-dominated character of K90941, an
approximation to thermodynamic calculations of pure
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Fe-S due to MeCl, +H,S Fe-S due to MeCl, +H,S Fe-S due to Me + H,S
Sulfur species Sulfur species Sulfur species
Low T Cr-S due to MeCl,#H,S Cr-S due to MeCl,#H,S Cr-S due to Me + H,S
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Fe-Cralloy Fe-Cralloy Fe-Cralloy
FIGURE 15 Corrosion mechanisms of ferritic K90941 in different H,S-mixtures at different temperatures (derived and evolved

from['®2°2%1) Low T indicating temperatures of 420°C and 480°C, high T indicating a temperature of 580°C. [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 16 Corrosion mechanisms of austenitic materials in different H,S-mixtures at different temperatures (derived and evolved
from!®2%251) Low T indicating temperatures of 420°C and 480°C, high T indicating a temperature of 580°C. [Color figure can be viewed at

wileyonlinelibrary.com]
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iron seems to be suitable. With this, it can be seen that
under certain partial pressure ratios, corrosion inhibition
of ferritic materials can happen due to competing
corrosion processes. Since austenitic materials contain a
more balanced ratio of alloying elements, which deter-
mine other sulfide formation processes, these materials
show a higher corrosion rate in the mid-H,S mixture
at 580°C.

Behavior of materials in the high-H,S mixture at low
temperatures

According to thermodynamic equilibrium calculations
and quasi-stability diagrams, a stronger tendency of
sulfide formation can be expected in the high-H,S
mixture. This could be verified among others with the
nondetectable amount of precipitated FeCl,. As for the
low-H,S and the mid-H,S mixture, the formation of
several metal chlorides is thermodynamically still possi-
ble. However, due to the oversupply of H,S in the gas
phase, this gas species can penetrate the corrosion layer
up to the deepest regions, so that outward diffusing metal

TABLE 9 Detected amount of FeCl, at colder parts of
laboratory test equipment

Qualitative amount of FeCl, condensing
outside of tube furnace

Temperature Low-H,S Mid-H,S High-H,S
Low T Medium Little No
High T High Medium No

chlorides do not get far enough to evaporate before they
are converted. Thereby, the reaction MeCl, + H,S - FeS
+2 HCI will take place, whereby more HCl gas is
generated. This released HCl accumulates in the deepest
regions of the corrosion zone, where it can again react
with the base metal to form metal chlorides, thereby
generating an HCI circle, as schematically shown in
Figures 15 and 16. An explanation of the mechanism in
the high-H,S mixture at low temperatures based on
experimental considerations can be found elsewhere.!>"!

Behavior of materials in the high-H,S mixture at high
temperatures
From a thermodynamic point of view, a stronger
tendency of sulfide formation can be expected in the
high-H,S mixture compared with the low-H,S and the
mid-H,S mixture. For example, quasi-stability diagrams
of the system Fe-S,-Cl, and Cr-S,-Cl, (Table 8) revealed
that the corrosion behavior of the high-H,S mixture is
strongly dominated by sulfide formation processes. At
580°C, also the reaction of chromium with H,S is favored
toward the reaction with HCI, as illustrated in Figure 1.
However, the formation of CrCl, and FeCl, is thermo-
dynamically still predicted (Reactions 1 and 2 in Table 7),
whereas the formation of NiCl, will only contribute to a
very small amount due to positive A,G® values. Since also
the reaction of nickel with H,S would be the last to take
place due to the less negative A,G° value (Table 7), nickel
partly remains metallic. This could be verified by an
accumulation of nickel in the border zone of the metals in
several SEM/EDX mappings of austenitic materials.

8000 Iron Chloride Hydrate FeCL(H,0),
Chromium Chloride CrCly

Iron Chloride FeCl,

6000 —

4000 —

Impulse

2000 —

Precipitation at colder parts of test equipment
T =580 °C, low-H,S mixture

0 L e B L B L L B

10 20 30 40

L L R R L L L L R |

LA L ) L L L L L L B

50 60 70

Position [°2Theta] (copper (Cu))

FIGURE 17 X-ray diffraction pattern of precipitated FeCl, and CrCl; at 580°C in the low-H,S mixture [Color figure can be viewed at

wileyonlinelibrary.com]
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Same as for low temperatures, the stronger tendency
to form sulfides could be verified, among others, with the
nondetectable amount of precipitated FeCl, (Table 9).
While in the low-H,S mixture too little H,S is available,
which can convert FeCl, to FeS, things are different in
the high-H,S mixture. Due to an oversupply of H,S, all
formed FeCl, can react with H,S to FeS. Additionally,
due to the high sulfur partial pressure also sulfidation of
the base metal itself can take place.

As already identified for lower temperatures, the
reaction of MeCl, + H,S will release HCI, which remains
in the deepest regions of the corrosion zone, where it can
further react with the base metal to form metal chlorides
generating an HCI circle, as schematically shown in
Figures 15 and 16. Due to this circular process, it is
plausible that the partial pressure of chlorine is higher
than in regions where metal chlorides can evaporate.

In the high-H,S mixture, chromium was identified to be
beneficial by slowing down the corrosive attack at
580°C (Figure 5), among others due to the formation
of FeCr,S,.*?* The favored reactions of chromium with the
gas phase as indicated in Table 7 and the less pronounced
behavior of metal chlorides as indicated by quasi-stability
diagrams (Table 8), might explain this behavior. The high
corrosion rates of K90941 can be attributed to the
nonprotective effect of iron sulfide compared with that of
chromium sulfide, whereby the corrosion process can
proceed faster. Since austenitic alloys contain more chro-
mium than K90941, subsequently thicker and denser
chromium sulfide layers can form, explaining the better
resistance of these materials. An explanation of the
mechanism in the high-H,S mixture at high temperatures
based on experimental considerations can be found
elsewhere.*’!

3.3.4 | Deviations between thermodynamic
calculations and experimental results

Some deviations between thermodynamically predicted
products and experimental results were observed during
the thermodynamic analysis. For example, thermodynamic
equilibrium calculations revealed the formation of Cr,N
(Table 5). However, no Cr,N could be detected during the
experiments. The reason for the prediction of Cr,N can be
explained by the definition of parameters used for
thermodynamic equilibrium calculations. For the calcula-
tions, an excess amount of chromium (1000 mole) was
chosen, as well as a high amount of nitrogen to balance the
gas mixture. From a thermodynamic point of view, it is
therefore plausible that the formation of Cr,N will take
place if a surplus of both components is available and if the
achievement of thermodynamic equilibrium is assumed.

Another example is the reaction of nickel with HCI to
form NiCl,. According to Reaction 2 in Table 7, the
formation of NiCl, should hardly take place at 480°C
since positive A,G° values were calculated. However,
during a previous study, it was identified that the
formation of NiCl, still occurs and contributes to the
corrosion mechanism at low temperatures.'>"!

In general, chemical equilibrium can be calculated if a
system is defined in terms of temperature, pressure (or
volume), enthalpy, and equilibrium activities of any phase
in the system. As a result, the amounts of all stable phases,
which reach a state of chemical equilibrium, are given as a
function of temperature.”**!! As already identified by
Becidan et al.,[38] main limitations of this method are that:

— equilibrium may not be reached for all species in the
real system due to kinetic constraints or low
temperatures and residence times.

— no temperature and concentration gradients are taken
into account.

— no diffusion paths are taken into account.

— no physical processes, for example,
processes, are taken into account.

— results are dependent on the database content and
reliability of the thermodynamic data.

— only elemental compositions are considered (e.g.,
only blank metals and no initial passive oxide layers
like Cr,05).

adsorption

These limitations have to be carefully considered by
interpreting and evaluating thermodynamic calculations
and when comparing them with experimental findings.
However, despite these limitations, thermodynamic
equilibrium calculations are a helpful tool to identify
the processes of a given system, get information about
the overall stabilities, and gather information on possible
or impossible pathways. They can be of great support to
understanding the underlying chemical processes and
complementing experimental studies.

4 | CONCLUSION

In the thermal cracking processes of postconsumer
plastics, which operate at high temperatures in reducing
HCl and H2S-containing atmospheres, corrosion-
resistant materials are needed. To assess the performance
of several high-temperature alloys in simulated environ-
ments of thermal cracking processes, corrosion mecha-
nisms have been developed. To evaluate the overall
chemistry of these complex mechanisms, which are
mainly based on practical observations and Kkinetic
considerations, a detailed thermodynamic analysis was
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performed. Thereby, several factors that determine the
corrosion behavior of the materials in reducing HCI and
H2S-containing environments have been identified:

« The type of base metal and its tendency to react with HCI
and H,S is of high importance, whereas reactions also
depend on the local availabilities of the reaction partners.
In the present case, chromium was identified to be the
most reactive metal, followed by iron and nickel.

« Vapor pressures of volatile metal chlorides increased
with rising temperature.

o At lower temperatures, metal chlorides remain to a
large extent in the corrosion layer.

o At higher temperatures, metal chlorides, especially
FeCl,, are able to evaporate.

« Secondary reactions of volatile metal chlorides with
H,S, lead to the formation of metal sulfides.

« Supply of H,S in the gas phase can determine the
corrosion structure.

o In the low-H,S mixture at 580°C, a too small
amount of H,S is available, so that no further
conversion of volatile FeCl, to FeS can take place.

o In the mid-H,S and the high-H,S mixture at 580°C,
enough H,S is available, so that further conversion
of volatile FeCl, to FeS can take place.

« The improved corrosion resistance of K90941 in the
mid-H,S mixture at 580°C could be explained by
means of quasi-stability diagrams.

o Partial pressures of chlorine and sulfur are close to
the border between the stability of FeCl, and FeS in
the mid-H,S mixture at 580°C.

o Competing corrosion processes between the forma-
tion of FeCl, and FeS seem to slow down the
corrosive attack.
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