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This study investigates the corrosion attack after breakaway oxidation on four commercial alloys (T91/P91,
304L, Sanicro 28 and Inconel 625) in the presence of KCI(g)/KCI(s) at 600 °C. The study suggests that an increase
in corrosion resistant alloying elements (mainly nickel and chromium) results in the decrease of the thickness of
the general oxide scale and not equally deep alloy grain boundary attack for the austenitic alloys. The corrosion
attack in the presence of KCl is suggested to proceed by chromate formation and chlorine-induced acceleration of
the diffusion of ions through the scale.

1. Introduction

The increased emission of greenhouse gases in the atmosphere
caused by human activities has led to efforts being put forward to reduce
this trend. Most of the greenhouse gases originate from the combustion
of fossil fuels [1]. One of the main greenhouse gases is carbon dioxide
(COy) which is greatly contributing to the greenhouse effect. A way to
reduce the net emission of CO; is the replacement of fossil fuels with
renewable fuels in power plants. Unfortunately, the combustion of
renewable fuels such as biomass and biogenic waste generally produces
corrosive deposits and gases that deteriorate vital parts of the plant. The
resulting flue gas consists mainly of water vapor, CO,, hydrogen chlo-
ride and especially alkali chlorides [2-4]. Alkali chlorides are known for
their corrosiveness towards superheater tubes [3-21]. The current trend
in utilizing more and more agricultural and forestry residues, waste
wood, and other waste fractions instead of clean biomass (e.g., wood
chips and wood pellets) makes this issue even more pronounced.

The corrosiveness of this type of environment have been proposed to
occur by several different mechanisms:

The “active oxidation” mechanism [3,5,22-26] where Cly(g) is
transported through the oxide scale to the oxide/metal interface. The
chlorine then reacts with the metal to form volatile metal chlorides
(MeClk(g)) which diffuse outwards through the oxide scale, via cracks
and pores, towards the gas/oxide interface. The mechanism relies on a
difference in partial pressure of oxygen over this scale, being higher at
the gas/scale interface. When the outwardly diffusing metal chlorides
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reaches the gas/scale interface they react with oxygen, releasing chlo-
rine gas and forming iron oxide. The newly released chlorine can then
follow the same process in a cyclic manner.

The “chromate formation” mechanism [6,7,9-11,13,15,17,18,20,
21,27] where the alkali initiates the corrosion attack of chromia forming
steels, deteriorating the protective chromium-rich layer by the forma-
tion of alkali chromate. As the primary protection is lost, the resulting
secondary oxide scale formed constitutes the steel’s ability to withstand
further corrosion.

An electrochemical approach has also been suggested, which consists
of a flux of anions, cations and an electronic current instead of a gas
transport of Cly(g) through the oxide scale [28-30].

The corrosive effect of KCl may also be attributed to the ability of
chlorine to promote a less adherent oxide scale, causing cracks to form
[19].

Alkali chlorides may also, often in environments with complex de-
posit and gas compositions, form low-melting point eutectics [27,31].

KCl-rich harsh environments are typically generated during the
combustion of certain types of biomass and waste (i.e., municipal waste)
and the corrosion attack is often very fast with breakaway corrosion
usually starting within hours or days [13]. In this process the primary
protection oxide scale, e.g., the thin and slow-growing chromium-rich
oxide that forms on stainless steels, is destroyed and the resulting oxide
scales will influence further corrosion attack. This type of oxide scale has
recently been denoted as a secondary protection oxide scale [19,32].
Thus, optimizing the corrosion resistance properties of the secondary
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protection oxide scale is probably of great importance for the lifetime of
the material. However, systematic studies targeting the secondary oxide
(i.e., the oxide scale after breakaway corrosion) are scarce in the
literature.

In this study, four commercial alloys (T91/P91, 304L, Sanicro 28 and
Inconel 625) were exposed to a harsh environment with continuous KCl
deposition. A setup developed and presented in [21] was used in this
study to mimic the continuous deposition of KCl(s) that occurs in
biomass- and waste-fired boiler environment, simulating a KCl-rich
environment,. The investigated materials were selected in such way
that they represent a broad range of material classes: from ferritic/
martensitic stainless steel T91/P91 to the austenitic stainless steels 304L
and Sanicro 28 to the nickel-based alloy Inconel 625. After exposures,
the samples were investigated using a combination of microscopy and
diffraction techniques, namely SEM/EDX, BIB, TEM and XRD.

2. Materials and methods
2.1. Sample preparation

The investigated materials were the ferritic/martensitic steel T91/
P91, the stainless steels 304L, Sanicro 28 and the nickel-based alloy
Inconel 625. The material compositions are given in Table. 1. The
selected samples were of 15x15x2 mm with a hole of @ 1.5 mm drilled at
2 and 7.5 mm from the edges. All samples were grounded with 500 grit
SiC papers and then polished with 9, 3, and 1 pm diamond suspension
DP-Suspension using DP-Lubricant Yellow from Struers. The samples
were finally cleaned with acetone and ethanol in an ultrasonic bathtub
Elmasonic P from Elma.

2.2. Exposures

The investigated samples were exposed at 600 °C to 5 % O3 + 20 %
H20 + N3 (bal.) under continuous KCl deposition. This was achieved by
using a three-zone furnace where an alumina boat filled with KCI(s) was
placed upstream at 700 °C (calculated vapor pressure of KCl: 65.9 ppm)
and the samples were placed downstream at 600 °C (calculated vapor
pressure of KCl: 3.4 ppm). Thus, substantial deposition of KCl on the
samples as well as in the samples area occurred during the exposures.
The KCl-boat and the samples were placed at the same position and
distance for each exposure. The temperatures for these positions were
individually controlled before each exposure. The vapor pressure of KCl
at the two different temperatures was calculated using FactSage 7.2 and
the FTsalt database. The duration of the exposures was 24 h. Each
exposure included 3 samples and was repeated at least twice in order to
achieve reproducibility. More details about system robustness/repro-
ducibility as well as a corrosion comparison of 304L exposed in this
setup compared to exposure with ex-situ added KCl(s) and exposure in a
12 MW waste fired boiler is published in [21].

2.3. Broad ion Beam (BIB)

Leica TIC 3X Broad Ion Beam (BIB) was used to prepare cross-
sections with smooth surfaces for post-exposure Scanning Electron Mi-
croscopy (SEM) imaging. The BIB uses three argon ion guns for milling.
To prepare the sample for the BIB milling, a piece of silicon wafer was
mounted on top of the sample surface using Loctite 415 glue. After the
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glue dried, the sample was cut into two pieces using the Minitom low
speed saw from Struers. The BIB machine was operated at 8.0 kV for 8 h.

2.4. Scanning Electron microscopy and Energy Dispersive X-rays (SEM-
EDX)

The SEM was performed using a Quanta 200 ESEM FEG from FEI
equipped with an Oxford Instruments X-Max" 80 T Energy Dispersive X-
rays (EDX) detector. The 10 kV and 20 kV accelerating voltage used was
used for imaging and EDX analysis, respectively. Both types of analyses
were performed at a 10 mm working distance.

2.5. Transmission Electron microscopy (TEM)

The TEM was performed using Titan 80-300 from FEI with an
accelerating voltage of 300 kV in Scanning TEM (STEM) mode. High-
Angle Annular Dark Field (HAADF) imaging was also employed in
STEM mode. The micrographs and EDX data were processed using Image
J and FEI's Tecnai Imaging and Analysis (TIA) software, respectively.

2.6. X-ray diffraction (XRD)

The X-ray Diffraction (XRD) characterization was performed using a
Siemens D5000 with a Gobel mirror. The wavelength used was a specific
Cu K4 (A = 1.54178 A) and was generated by a copper anode X-ray tube.
The incident angle was 7.5° and the measuring range was [10° — 80°].

3. Results

The experimental setup allows a continuous deposition of KCl during
exposure and exhibits specific characteristics such as “low” and “high
amount of KCl”-areas onto the sample surface, described in [21]. These
labels were introduced due to the heterogeneous deposition of KCI onto
a sample’s surface. “High amount of KCl”-areas are usually associated
with more severe corrosion compared to “low amount of KCl”-areas. In
this study, only “high amount of KCl’-areas were selected for the
investigations.

3.1. Characterization of T91/P91

3.1.1. Plan view analysis

The optical inspection revealed a substantial deposition of KCI(s)
particles onto the samples after 24 h of exposure. Plan view SEM im-
aging showed that the surface was completely covered by KClI crystals
for high amount of KCI(s)-areas (~99 % of KCl(s) particles coverage).
The topography is non-uniform in these areas: small and large buildups
of KCl crystals resulting in a non-planar surface (Fig. 1a), and in a higher
magnification image showing buildups of KCl crystals and iron oxide
(Fig. 1b, area is marked in Fig. 1a.).

3.1.2. Cross-sectional analysis

A thick outward-growing and inward-growing oxide were observed
in Fig. 1c. The outward-growing oxide had a thickness between 15 and
30 um and exhibits some porosity and small whiskers on the top surface.
According to XRD and SEM-EDX point analysis, the outward-growing
oxide layer is being characterized as hematite (FeyOs) for the top
layer and as magnetite (Fe3O4) for the layer beneath hematite. On the

Table 1

Chemical compositions of the four investigated materials in weight percentage (wt. %).
Material Fe Cr Ni Mn Si Mo N Cu P S Al Nb Ti
T91/P91 Bal. 8.5 0.3 0.6 - 0.85 - 0.1 0.05 0.06 0.15 - -
304L Bal. 19.9 10 1.4 0.5 - - - 0.05 0.1 - - -
Sanicro 28 Bal. 27.5 30.3 1.82 0.5 3.2 0.4 1.2 0.01 0.1 - -
Inconel 625 1.9 23 Bal. 0.1 0.1 9.1 - - - 0.07 0.3 3.4 0.3
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Fig. 1. a) Plan view SEM image of the surface of T91/P91 after 24 h at 600 °C with continuous KCI(s) deposition. b) Plan view SEM image with high magnification of

the marked area in a). ¢) SEM image of the BIB cross section.

top of the oxide scale, KCI particles can be seen in Fig. 1c. The inward-
growing oxide scale consists of several layers, being about 15-25 um in
total. The part located close to the interface of the outward- and inward-
growing oxide scale appears brighter (denoted as “bright layer”) and
more compact than the inward-growing oxide close to the metal/oxide
interface (denoted as “dark layer”), see Fig. 1c. A SEM-EDX analysis
revealed the brighter and more compact layer in the inward-growing
oxide to be a Fe-Cr oxide, dominated by iron (Fe/Cr is about 5, the
cationic at. % Cr being 20 %). The darker layer, closer to the substrate
material, is composed of Fe-Cr oxide as well with a slightly higher
chromium content. The oxide layer is composed of Cr ~ 35 cationic at. %
and Fe ~ 65 cationic at. %. The gap within the inward-growing oxide,
close to the metal/oxide interface, is suggested to be a result from
sample preparation.

A 2.5-3 um deep internal oxidation zone consisting of dark spots
within a brighter matrix was observed at the metal/oxide interface. High
magnification image of this zone can be seen in Fig. 2a. This type of
corrosion morphology have been reported earlier [15] and is consisting
of Fe/Cr rich spinel oxide (dark spots) together with Fe/Ni rich metal
(bright matrix). Above the internal oxidation zone, the inward growing

oxide is shown as a dark area. The oxidation front is not completely
straight in this higher magnification image, the presence of “metal
islands” within the inward-growing oxide can be observed (see Fig. 2a).
A SEM-EDX mapping and point analysis of the internal oxidation
zone revealed the presence of chlorine at the metal/oxide interface (see
Fig. 2b and c). The presence of chlorine in the SEM-EDX mapping shows
a preferential accumulation around the reaction zone “islands” and at
the metal/oxide interface. Chlorine was also observed within the
inward-growing oxide in relatively low amounts (see Fig. 2c).

3.2. Characterization of 304L

3.2.1. Plan view analysis

The optical inspection revealed the substantial deposition of KCI(s)
onto the samples. In the areas of high amount of KCI(s), the plan view
SEM imaging revealed a surface mostly covered by KCI crystals when
iron oxide is not visible (~95 % of KCI(s) particles coverage), see Fig. 3a.

3.2.2. Cross-sectional analysis
The cross-sectional SEM image of 304L showed a less corroded
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Fig. 2. a) SEM image of the BIB cross section focusing on the corrosion front of T91/P91 after 24 h at 600 °C with continuous KCI(s) deposition. b) The SEM image

coupled to the EDX analysis. ¢) The EDX map showing Cl.

surface compared to the corresponding T91/P91 sample. From XRD and
SEM/EDX analysis, the outward-growing oxide layer (about 3-5 pm
thick) was identified as Fe;O3 (hematite), see Fig. 3.b and Fig. 3.c. An
inward-growing oxide (excluding the steel grain boundary attack) of
2-4 pm thick containing nickel, iron and chromium was also observed.
Hence, total thickness of the oxide scales on 304L was about 10 pm,
compared to T91/P91 which obtained oxide scales in the range of 40 —
50 um.

In addition to the oxide scales formed, 304L was also subjected to-
wards steel grain boundary corrosion attack (see Fig. 3.b and Fig. 3.c). In
Fig. 3.b the steel grain boundary attack is characterized by a rather
narrow and heterogenous oxidation zone along the steel grain boundary.
Within this zone, bright nodules rich in nickel were observed together
with an oxide consisting primarily of Fe and Cr. In Fig. 3.c the steel grain
boundary attack is widened, especially at the top. However, the nickel
enriched area is still seen in the middle of the widened area, and it is
primarily Fe, Cr oxide that has grown into the steel grain.

The depth of steel grain boundary attacks was ranging from 8 to 50
um. However, there was no major difference between the deep and
shallow steel grain boundary attacks, both exhibited internal oxidation
at the grain boundaries with bright nodules in the middle. For 304L, the

corrosion attack in this environment have been thoroughly studied
earlier [20,21]. In the articles referred to, the steel GB attack has been
investigated with 3D-FIB in combination with SEM/EDX and TEM
analysis. Even though the amount of chlorine was small within the GB
attack, it was primarily detected at the very tip of the steel GB attack.

3.3. Characterization of Sanicro 28

3.3.1. Plan view analysis

For Sanicro 28, the optical inspection showed less deposition of KCl
(s) compared to T91/P91 and 304L (only about 10 % coverage of KCI (s)
on Sanicro 28 compared to 95-99 % for 304L and T91/P91). This is
confirmed by the plan view SEM observations where a mixture of KCI(s)
crystals, iron-rich oxide and potassium chromate was observed on the
surface (see Fig. 4a).

3.3.2. Cross-sectional analysis

The SEM analysis of the cross-section of Sanicro 28 is shown in
Fig. 4b. As for 304L, the corrosion attack can clearly be distinguished in
a general oxidation type corrosion attack and a steel GB corrosion
attack. For the general corrosion attack, potassium chromate (KoCrO4)
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Fig. 3. a) Plan view SEM image of the surface of 304L after 24 h at 600 °C with continuous KCI(s) deposition. b)-c) SEM images of the BIB cross section showing both

general corrosion, narrow alloy GB attack (in b) and broad alloy GB attack (in c).

Potassium chromate

Alloy grain boundary
attack

Fig. 4. a) Plan view SEM image of the surface of Sanicro 28 after 24 h at 600 °C with continuous KCI(s) deposition. b) SEM images of the BIB cross section showing

both general corrosion and alloy GB attack.

and unreacted potassium chloride (KCl) crystals lay on top of an
outward-growing corundum type oxide, according to the combined XRD
and SEM analysis. The outward-growing oxide is rich in iron and chro-
mium. Below is an inward-growing oxide which consists of a spinel type
oxide rich in chromium, nickel, and iron. The total thickness of the oxide
scale is between 3 and 10 um, which is similar to the thickness of 304L
sample.

Besides a general corrosion attack, Sanicro 28 was also subjected
towards corrosion attack at the steel grain boundaries (see Fig. 4b). The

typical steel grain boundary attack can be characterized by being wider
closer to the surface and becoming narrower (about 0.5-2 um in width)
deeper into the metal substrate. Bright nodules of nickel-rich phases are
observable in the steel grain boundary attack. The depth of the grain
boundary attacks was between 9 and 18 um.

An SEM-EDX mapping analysis of the attack is seen in Fig. 5. From
the cross-sectional SEM/EDX analysis, an area containing KCl and
KoCrO4 particles, general corrosion attack and steel grain boundary at-
tacks at two locations can be seen. The analysis shows that Cl can
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Fig. 5. SEM/EDX analysis of the BIB cross section of Sanicro 28 showing both general corrosion and alloy GB attack.

primarily be detected on the top surface overlapping with K, in the form
of KCl. However, trace amounts of Cl, with no K, are also detected in the
steel grain boundary attack (to the left). Potassium (K) can be seen not
only in the form of KCl but also overlapping with Cr in the form of
K5CrOy4 (particle to the left on the top surface but also in the vicinity of
the KCl particle to the right). The outward growing oxide is enriched in
Fe and Cr, whereas the inward growing oxide contains besides Fe and Cr
also some Ni. In addition, nickel can be seen enriched around the grain
boundary attack as well as in the metal close to the metal/oxide inter-
face. SEM-EDX point analyses showed that the composition of the
inward-growing oxide and the oxide propagating within the grain
boundaries are similar, being most probably a spinel oxide ((Fe,Cr,
Ni)304) with the following composition (at.%) O[45-50], Cr[15-20], Fe
[15-20] and Ni[20-25].

In contrast to T91/P91 and 304L, the inward-growing oxide formed
on Sanicro 28 is less homogeneous, see Fig. lc., Fig. 3c. and Fig. 4b.
Instead of a completely oxidized spinel oxide, the corrosion front of
Sanicro 28 is defined by partly oxidized areas mixed with areas being
still metallic in character. The metallic parts are enriched in nickel
whereas the oxidized areas mainly contain iron and chromium oxide.

3.4. Characterization of Inconel 625

3.4.1. Plan view analysis

The optical inspection of Inconel 625 revealed the similar features
observed in the case of Sanicro 28: about ~ 38 % of KCI(s) particles
covering the surface. This was also confirmed by the SEM plan view
analysis where the surface was only partly covered by KCI(s) (see
Fig. 6a). Besides KCl, nickel oxide and potassium chromate were
observed on the surface.

3.4.2. Cross-sectional analysis

The BIB cross-section of Inconel 625 is shown in Fig. 6b and Fig. 7.
Above the original metal surface, mixed corrosion products consisting of
potassium chromate, nickel oxide and chromium-rich oxide was detec-
ted. Above these corrosion product layers, deposited KCl was seen.
Below the original metal surface, the corrosion attack was defined by
internal oxidation zones and alloy grain boundary attacks. The total
thickness of the general corrosion scale was about 6 — 12 pm. (see
Fig. 6b). In addition to the general corrosion attack, forming outward
and inward growing oxide scales, steel grain boundary attack was also
observed. Compared to Sanicro 28 and especially 304L, the GB attack
was characterized by the formation of voids within the steel grain
boundaries to a much higher degree. The size of the voids varied from <

Nickel oxide

Potassium Chloride Potassium chromate

e

Alloy grain boundary
attack

20 pm

Fig. 6. a) Plan view SEM image of the surface of Inconel 625 after 24 h at 600 °C with continuous KCI(s) deposition. b) SEM images of the BIB cross section showing
both general corrosion and alloy GB attack. Areas are marked where SEM/EDX analysis (in Fig. 7) and TEM/EDX analysis (in Fig. 8) have been performed.
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Fig. 7. SEM/EDX analysis of the BIB cross section of Inconel 625 showing both general corrosion and alloy GB attack.

1 um to 5 um and reached, as most, a depth of about 11 ym. A SEM-EDX
mapping analysis, marked in Fig. 6., is shown in Fig. 7, revealing both
the general corrosion attack as well as the GB attack. In addition to the
overview shown in Fig. 6b, the analysis indicated that Mo was enriched
in the outward growing oxide as well as in the top part of the inward
growing oxide scale. The EDX analysis in Fig. 7 also showed some spots
in the inward growing scale where Cl was detected without any K.
However, the majority of areas with presence of Cl were associated with
K and suggested to be in the form of KCI. In order to investigate the
corrosion attack on Inconel 625 in more detail higher magnification
images using STEM HAADF imaging and EDX were deployed, see Fig. 8
and Fig. 9. The STEM/HAADF/EDX analysis in Fig. 8 confirmed the
outward growing oxide to consist of nickel oxide mixed areas of
chromium-rich oxide. Above these layers, potassium chromate was
detected, see Fig. 8. Within the substrate material, an internal oxidation
zone (i.e., not a fully oxidized oxide scale) and a large void was
observed. In addition, Cl-enriched spots could be seen throughout the
internal oxidation zone as well as below the void. The amount of K in
these areas was low. A STEM-EDX linescan over the internal oxidation

' S

N
> *P =) 5 oxasbhmcm91na1e

Void
(dueto TEM prep)

zone was performed, see Fig. 9. The analysis revealed a Ni-rich area,
about 75 at. % Ni, interrupted by Cr-rich bands. In these bands, the Ni
content dropped to about 20-30 at. % whereas the Cr content increased
from about 15 at. % to about 45-80 at. %. Throughout the internal
oxidation zone, Mo was around 10-15 at. %, except for two bands where
the Mo content increased to about 30-50 at. %. According to the line
scan, Cl was unevenly distributed and in the range 0-15 at. %.

3.5. Summary of corrosion attack

With respect to key features of the corrosion attack the four materials
investigated have been summarized in Table 2.

4. Discussion

The objective of this work is to evaluate and compare the corrosion
performance of four commercial alloys in a laboratory environment
mimicking key features of the corrosiveness of biomass- and waste-fired
boilers. This has been achieved by deploying a continuous KCI

Fig. 8. TEM/EDX analysis of the BIB cross section of Inconel 625 showing both general corrosion and alloy GB attack. An area is marked where TEM Line scan (in

Fig. 9) has been performed.
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Fig. 9. TEM Line scan analysis of the BIB cross section of Inconel 625 through
the internal oxidation zone.

deposition technique presented in [21]. The laboratory setup in [21]
was tested for the austenitic stainless steel 304L in order to investigate
the initial corrosion attack (24 h) and compare the corrosion attack with
corresponding sample exposed to ex-situ added KCI(s) as well as in a 12
MW waste fired boiler. The results in [21] showed that the continuously
depositing KCI technique better resemble the corrosion attack of samples
exposed in a 12 MW waste fired compared to ex-situ added KCI.

The materials selected for this investigation all possess the ability to
form chromia (Cry03) or Cr-rich corundum type oxide (Fe,Cr,O3) when
exposed at high temperatures and mild environments. In addition, the
materials were selected to cover a wide spectrum of material classes
(ferritic stainless steel, austenitic stainless steels and nickel base alloy).
As a general trend for these material classes, the iron content decreases,
and the nickel content increases as going from P91/T91 — 304L —
Sanicro 28 — Inconel 625. Chromia forming steels/alloys is usually the
preferred choice in the most severe corrosive environments in a CHP
plant combusting biomass and waste. However, based on short term
probe exposures, many of these materials are not sustaining the Cr,O3
(or the protective Cr-rich (Fe,Cr)203) for very long [13,33,34]. This time
period is referred to as the “primary regime” and for chromia forming
steels/alloys the initially formed chromia as the “primary protection”
[32]. Instead, these materials suffer from breakaway corrosion and thus,
entering into the secondary regime (and the oxide scale is referred to as
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the “secondary protection™). Since the lifetime of these materials within
this type of corrosive environment is mainly dictated by the secondary
regime, the focus of the microstructural investigation is on the propa-
gation following breakaway corrosion.

The results showed that the corrosion attack is indeed very rapid, and
that the secondary regime is reached throughout the exposure, i.e.,
breakaway corrosion occurs rapidly. There is a large difference in the
corrosion propagation between the alloys (see Fig. 1c, 4(b, c and d), 5b
and 7b), both in extent and in character. However, the corrosion attack
may be defined by “general corrosion attack” and/or “steel grain
boundary attack”. The discussion is therefore divided into two sub-
sections, namely “4.1. General corrosion — Oxide scales” and “4.2. Steel
grain boundary attack”.

4.1. General corrosion — Oxide scales

In a mild environment (e.g., the corresponding dry environment in
the absence of KCI(s)) all these materials perform well, forming a pro-
tective chromium-rich oxide in the submicron range[9,10,35,36]. This
oxide may be referred to as the primary protection of the steel as it is
slow-growing, adherent and protects the underlying steel from accel-
erated corrosion in this environment. However, in more aggressive en-
vironments, e.g., in the presence of KCl + Hy0 or Oz + H30, this thin
protective oxide is deteriorated according to reactions (1) and (2), and
breakaway corrosion occurs with high corrosion rates [6,7,9-11,15].

Cry03(s) + 4KClI(s) + 2H,0(g) + 1.502(g) — 2K,CrOy4(s) + 4HCI(g) (1)
Cr03(s) + 2H,0(g) + 1.502(g) — 2CrO2(OH)x(g) 2

The oxide thicknesses of the exposed materials in this study indicates
that all materials have reached breakaway corrosion within 24 h under
these experimental conditions. For 304L, it has been shown that
breakaway corrosion occurs already within 1 h in this experimental
setup [20]. The chromium-rich oxide initially formed for all these alloys
reacted with the KCl-rich environment forming KoCrO4 (potassium
chromate) and fast-growing oxide scales. The resulting oxide scale is
referred to as the secondary protection of the alloy, i.e., this oxide scale
serves as the protection against further corrosion attack. The general
corrosion is defined as the homogeneous thick scale governed by ion
diffusion, i.e., outward-growing iron oxide and inward-growing (Fe, Cr,
Ni...) spinel oxide predicted by different diffusivities [15,37].

Overall, the material T91/P91 exhibits the thickest oxide scales
among the investigated materials. The materials can be ranked based on
the total thickness of oxide formed (including outward- and inward-
growing oxides but not the grain boundary attack) as following: T91/
P91 > 304L > Sanicro 28 > Inconel 625.

In a recent study, Ni and Cr contents and alloy microstructure were
suggested to improve the corrosion properties of the secondary protec-
tion, i.e., decrease the growth of the secondary (or breakaway) oxide
scale [32]. With low amount of corrosion resistant alloying elements,
such as Cr and Ni, the general corrosion of T91/P91 is defined by a thick
outward-growing oxide made of hematite and magnetite, and an iron-
and chromium-rich inward-growing oxide with an internal oxidation
zone at the corrosion front. 304L and Sanicro 28 have, in comparison to

Table 2
Summary of measured oxide scale thickness, oxide scale composition, internal oxidation zone thickness (I0Z) and depth of alloy grain boundary attack (Alloy GB
attack).
Material General corrosion attack Alloy GB attack (um)
Outward-growing oxide Inward-growing oxide Internal oxidation zone (um)
Thickness (um) Composition Thickness (um) Composition
P91/T91 15-25 Fe oxides 10-15 Fe-Cr oxide 2.5-3 -
304L 3-5 Fey03 2-4 Fe-Cr-Ni oxide - 8-50
Sanicro 28 1-5 Fe-Cr oxide 1-5 Fe-Cr-Ni oxide - 9-18
Inconel 625 0.5-4 Ni oxide - - 1-3 1-11

Cr oxide
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T91/P91, elevated levels of nickel and chromium, at the expense of iron.
This alloying increase of Cr and Ni results in a drastic reduction of the
secondary oxide scale thickness for both materials compared to T91/
P91. As all of these three materials suffers from breakaway corrosion (i.
e., the primary oxide protection is lost) at 600 °C in the presence of KCl
almost immediately, it is argued that the differences in oxide thickness
after 24 h primarily is an effect of different growth rates of the secondary
oxide scale [10,38-40]. However, this decrease is much more prominent
when comparing T91/P91 and 304L (from 23 pm to 9 um total thick-
ness) than 304L and Sanicro 28 (from 9 um to 6 um total thickness)
which is a smaller decrease of the secondary protection thickness (~33
% decrease compared to ~ 60 % for T91/P91 and 304L). Thus, by
adding more Cr and Ni increases the corrosion protection of the sec-
ondary scale. However, the greatest decrease is achieved when
comparing the ferritic/martensitic T91/P91 to the austenitic alloys 304L
and Sanicro 28, implying that the microstructure of the alloy substrate is
important. The general corrosion attack of the nickel-based alloy Inconel
625 differs compared to the iron-based steels with respect to the oxide
scales formed. The lack (or low levels) of iron in Inconel 625 leads to an
outward grown oxide composed of NiO and Cr-oxide, accompanied with
K5CrOgy4-particles, compared to the Fe-based steels where the outward
growing oxide is composed of Fe-oxides. For Inconel 625, there are also
indications of Mo in the outward growing scale. The corrosion attack of
this chromia forming alloy is suggested to occur according to (1), which
leads to NiO formation after the protective CryOgs initially formed is
destroyed. The inward growing oxide, which for the Fe-based steels are
rather homogenous, is for Inconel 625 composed of partly oxidized re-
gions, i.e., an internal oxidation zone composed of Cr-rich oxide and Ni-
rich metal. This type of internal oxidation zone morphology is usually
seen at the corrosion front [41] or in environments with low partial
pressures of oxygen [42]. This is expected as the oxidation of nickel
requires rather high oxygen partial pressures [41], compared to Cr and
Fe. In Fig. 9, a TEM line scan was performed through this internal
oxidation zone. The results show that the internal oxidation zone is
composed of Cr-rich oxide and unoxidized metal, which is slightly Cr-
depleted and enriched in Mo. In addition, Cl is detected occasionally
within this corrosion morphology.

This study highlights that increasing the amount of corrosion resis-
tant alloying elements does not preserve the protectiveness of the pri-
mary protection in a KCl-rich environment but decreases the total
thickness of the secondary protection. All four investigated materials
suffered from breakaway corrosion where the initial protective oxide
scale was destroyed, and duplex corrosion scales formed. Thus, from a
boiler perspective utilizing KCl-rich fuels this information is important
as the lifetime of a material will be dictated by the protectiveness of the
secondary oxide scale (i.e., the oxide scale formed after breakaway
corrosion) rather than its ability to sustain its primary protection. There
was however a trend in less general corrosion, by means of oxide
thickness, when increasing the Ni-content at the expense of Fe.

4.2. Steel grain boundary attacks

The second feature that may deteriorate the material is the steel
grain boundary attack. The extent of steel grain boundary attack differed
substantially between the four investigated materials. For the ferritic/
martensitic T91/P91, there is no or very little steel grain boundary
attack. Instead, the corrosion front is rather even. This could be a result
of the very fast growth of the secondary scale (~15 pym inward-growing
scale after 24 h), minimizing the effect of fast diffusion paths as the steel
grain boundaries exhibits at these temperatures. Furthermore, as
breakaway corrosion is expected to occur swiftly for T91/P91, the fast
growth of the secondary scale suggests that there will be little release of
chlorine through reaction (1) as the top oxide is very Cr-poor. It was
recently shown that Cl plays an important role in the steel grain
boundary attack of 304L in this environment [20]. The lack of steel grain
boundary attack on T91/P91 may also be a result of the structure of this
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steel, being ferritic/martensitic (compared to the other materials which
all are austenitic). For the austenitic stainless steels and nickel-based
alloy (304L, Sanicro 28 and Inconel 625), the increasing Cr/Fe ratio
would sustain the reaction (1) leading to a higher chlorine load and
therefore a steel grain boundary attack being much more pronounced, in
relation to the general corrosion attack.

The observed steel grain boundary attack on the four investigated
materials showed that an increase in corrosion resistant alloying ele-
ments does not lead to an avoidance of grain boundary attacks. Contrary
to the general corrosion, the steel grain boundary attack remains
strongly present for all the austenitic materials, regardless of alloying
content. However, the morphology or type of grain boundary attacks
were rather different. For 304L and Sanicro 28, the grain boundary
attack changed its corrosion morphology. For both materials, the attack
was defined by a narrow internal oxidation and the presence of nickel-
rich nodules at the grain boundaries. In addition, some small voids
were observed in the grain boundary attack, slightly more accentuated
for Sanicro 28 compared to 304L. There were also indications of the
grain boundary attack of 304L being the initiation point for oxidization
of the bulk grain, i.e., the grain boundary attack is no longer defined by a
narrow oxidation zone but instead the grows laterally. As this was
mostly observed at the part of the grain boundary attack closer to the
surface, the grain boundary attack seems to be diffusion controlled. In
contrast to the three other materials, the steel grain boundary attack of
Inconel 625 is primarily defined by void formation at the grain bound-
aries instead of internal oxidation. It is argued that difference between
the 304L, Sanicro 28 and Inconel 625 with respect towards GB attack is
due primarily to the amount of Fe (or lack of Ni) in the material. With an
increasing amount of Ni, on the expense of Fe, the number of voids at the
GBs increased. This is suggested to be coupled to the low oxidation
potential of Ni. For 304L, with a high Fe/Ni ratio, the GB is being
oxidized by Fe-oxides.

Regardless of material, chlorine was detected in connection to the
grain boundary attack. For 304L and Sanicro 28 only cross-sectional
SEM/EDX were performed and only indications of chlorine in the GB
attack was seen. For Inconel 625, detailed TEM analysis was in addition
performed. The TEM analysis revealed that chlorine was detected within
the internal oxidation zone oxide as well as in the alloy grain bound-
aries. In fact, chlorine was especially enriched in the alloy grain
boundaries. The presence of Cl in the GB’s is suggested to accelerate the
GB attack. In a recent study of 304L in this type of KCl-rich environment
the alloy grain boundary attack was followed closely using 3D-FIB and
TEM [20]. As in the current study, only small amounts of chlorine were
detected for 304L at the alloy grain boundaries. The study showed that
the alloy microstructure close to the GB’s was depleted (in primarily Cr)
and that in the presence of chlorine, rapid diffusion was observed. In the
present study, the TEM analysis of Inconel 625 did indeed detect Cl in
the grain boundaries. But also, Cl was sporadically detected throughout
the internal oxidation zone.

In chlorine containing exposures, the active oxidation mechanism is
often referred to in order for explaining the corrosion acceleration [5].
This mechanism suggests that the corrosion is driven by the formation of
chlorine gas (Cl, (8)) at the scale gas interface which is diffusing through
the oxide scale towards the metal/oxide interface. At this interface,
chlorine gas reacts with metal to form its corresponding metal chloride,
which at high temperatures is volatile, and will diffuse outwards
through the oxide scale as MeClk (g) (e.g., FeCly (g)). As this gaseous
molecule is transported outwards through the oxide scale it will react
with oxygen as the oxygen partial pressure is increased through the
scale. As the gaseous metal chloride reacts with oxygen, corresponding
metal oxide forms as well as Cly (g). This newly formed Cl (g) can
diffuse towards the metal/oxide interface, in a cyclic behavior. Ac-
cording to this mechanism, the corrosion acceleration caused by chlo-
rine is due to this cyclic behavior of gases, compared to the oxidation
which is based on ion diffusion through the oxide scale. However, in
order for this mechanism to work, the gaseous diffusion of Cl, and MeCly
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through the oxide scale must be much faster than O, (g). Otherwise, the
necessary oxygen gradient over the oxide scale, needed to form metal
chlorides rather than metal oxides, is impossible to maintain. Further-
more, since the transport is suggested to occur by gaseous species,
cracks, connected voids or microcracks is needed. However, based on
the sizes of Oy (covalent radius: 66 pm) and Cl, (covalent radius: 102
pm) it is unlikely that the smaller oxygen gas molecule is disallowed to
enter through the scale whereas the larger chlorine gas molecule is not.
In fact, A.G. Guy showed the opposite when studying gas osmosis, a
smaller gas molecule can pass through a small-pores membrane whereas
the larger gas molecule cannot [43].

Based on the observed results in the present study, it is clear that
chlorine has accelerated the corrosion attack of both the grain bound-
aries and the general corrosion attack. According to the TEM analysis of
Inconel 625, see Figs. 8 and 9, Cl was detected both in the alloy grain
boundaries but also in the internal oxidation zone. It is suggested that
the chlorine is diffusing inwardly as a chlorine ion, CI’, driven by the
normal oxidation potential that the material experience [29]. In the
article referred to, DFT calculations were deployed in order elucidate
different steps/reactions of the inward diffusion of chlorine. The net
reaction is however summed up as:

2KCI(s) + 3Fe(s) + 20,(g) — FeCly(s) + 2K,Fey04(s) 3)

The acceleration of the corrosion attack caused by chlorine is sug-
gested to occur by chlorine increasing the diffusion properties of the
scale, as the corrosion in the presence of chlorine still shows charac-
teristics of a diffusion-controlled attack. However, the exact distribution
and role of chlorine in the grain boundary attack as well as in the general
corrosion needs to be studied further.

Summarizing the alloy GB attack of the four alloys investigated
within this study, it is clear that the alloy composition and microstruc-
ture have an impact on the outcome and extent of this type of corrosion
attack. For the ferritic-martensitic P91/T91, there were no alloy GB
attack whereas all three austenitic alloys (304L, Sanicro 28 and Inconel
625) suffered from severe alloy GB attack. The alloy GB attack was often
associated with the presence of Cl, even though it was not always
detected in the attack. With a more detailed microscopy analysis (TEM),
the presence of Cl in the GB’s was clearly detected, up to 10 %.

5. Summary

The aim of this study was to investigate the corrosion behavior of
four commercial alloys in a harsh KCl-rich environment: T91/P91, 304L,
Sanicro 28 and Inconel 625. The materials were exposed in an experi-
mental setup utilizing a continuous deposition of KCI(s) on the sample
surface. This type of corrosive environment becomes more and more
important to study and understand as the fuel feedstock becomes more
influenced by agricultural and forest residues as well as waste fuels
rather than clean biomass. This experimental setup aims to mimic the
harsh conditions experienced by the superheaters in boilers using KCl-
rich fuels. The reproducibility of this experimental setup and compari-
son to other KCl-containing laboratory exposures as well as a 12 MW
waste fired boiler was recently published in [21].

The results were discussed in two sections focusing on the specific
type of corrosion attack: general corrosion (growth of secondary pro-
tection covering the sample surface) and steel grain boundary attack for
four commercial high temperature alloys.

Considering the general corrosion, a drastic decrease of the second-
ary protection thickness was observed when increasing the amount of
corrosion resistant alloying elements, from 30 um for T91/P91, 5-7 um
for 304L and Sanicro 28 to about 3 um for Inconel 625. Despite different
oxide thicknesses all four materials have lost their primary protection, i.
e., a chromium-rich corundum type oxide in the submicron range.
Instead, the materials have entered the secondary regime with the for-
mation of thick duplex oxide layers. These oxide scales for the different
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materials were composed of:

T91/P91 formed a thick layer of outward growing magnetite (Fe304)
and hematite (FeoO3) as well as a thick inward-growing spinel oxide (Fe,
Cr)304. The total thickness was about 30 pym.

The stainless steels, 304L and Sanicro 28, experienced a similar
attack and the oxide scales consisted of an outward growing hematite
layer. For Sanicro 28, this layer was doped with some chromium. For
both steels, the inward-growing oxide consisted of a ((Cr,Fe,Ni)304)
spinel oxide. The total thickness was about 7 and 5 um for 304L and
Sanicro 28, respectively.

The nickel-based alloy Inconel 625 exhibited slightly different oxide
scales compared to other materials. The outward growing oxide scale
was composed of NiO together with CryO3. The inward growing scale
was composed of fully oxidized, instead the scale was composed of
selectively oxidized Cry0O3 whereas Ni remained unoxidized, a so-called
internal oxidation zone. The total thickness was about 3 pm.

For all four materials, the results suggest that the general corrosion
attack by KCl was initiated by the formation of chromate, K5CrO4, and
thereby destroying the chromium rich oxide, i.e., the primary protection
scale. This leads to fast oxidation rates and thick oxide scales, i.e., the
secondary corrosion regime. There were however rather large discrep-
ancies in corrosion rate/oxide thickness where the ferritic T91/P91
(having the highest Fe/Cr ratio in the alloy) performed worst and the
austenitic nickel-based alloy Inconel 625 (with the lowest Fe/Cr ratio)
performed best.

Summarizing the alloy GB attack of the four alloys investigated
within this study, it is clear that the alloy composition and microstruc-
ture have an impact on the outcome and extent of this type of corrosion
attack. For the ferritic-martensitic P91/T91, there were no alloy GB
attack whereas all three austenitic alloys (304L, Sanicro 28 and Inconel
625) suffered from severe alloy GB attack. The alloy GB attack was often
associated with the presence of Cl, even though it was not always
detected in the attack. The alloy GB attack for the austenitic alloys can
be summarized as follows:

The alloy GB attack of 304L were 11-50 um in depth and charac-
terized by being fully oxidized, even though some porosity existed.

For Sanicro 28, the GB attack was not as deep, about 9-18 um. Also,
the attack included a higher degree of voids compared to 304L.

Inconel 625 exhibited grain boundary attacks characterized pri-
marily by void formation and the development of large cavities. The
depth of the GB attack was 1-11 pm.

Based on the observed results in the present study, it is clear that
chlorine has accelerated the corrosion attack of both the grain bound-
aries and the general corrosion attack. The acceleration of the corrosion
attack caused by chlorine is suggested to occur by chlorine increasing
the diffusion properties of the scale, as the corrosion in the presence of
chlorine still shows characteristics of a diffusion-controlled attack.
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