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High temperature corrosion under laboratory conditions simulating biomass
firing: A comprehensive characterization of corrosion products
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Abstract

An austenitic stainless steel (TP 347H FG) was coated with a synthetic deposit and exposed, under
laboratory conditions simulating straw-firing at 560 °C, for one week. Microscopic, diffraction and
spectroscopic techniques were employed for cross-sectional and plan view ‘top-down’
microstructural characterization of the corrosion products. The corrosion products consisted of
three layers: i) the outermost layer consisting of a mixed layer of K.SO4 and FexOy on a partly
molten layer of the initial deposit, ii) the middle layer consists of spinel (FeCr.04) and Fe>O3, and
iii) the innermost layer is a sponge-like NisS2 containing layer. At the corrosion front, Cl-rich
protrusions were observed. Results indicate that selective corrosion of Fe and Cr by Cl, active
oxidation and sulphidation attack of Ni are possible corrosion mechanisms.

Keywords: Stainless steel, Biomass, High temperature corrosion, Chlorination, Sulphidation.
1. Introduction

The increasing CO2-levels in the atmosphere have necessitated the use of renewable energy
sources such as biomass, for ‘CO2 neutral’ heat and power production. Power plants in Denmark
are currently firing biomass (straw and wood) as a substitute for fossil fuels, mainly coal. Biomass
is considered CO2 neutral since it recaptures the CO, released during combustion through
photosynthesis within a short period of time (~10° years), compared to the time for coal seam
formation (~10° years). Furthermore, the widespread availability of biomass makes its utilization
for heat and power production a viable energy source. Despite these encouraging attributes, the
chemistry of biomass is quite different from that of fossil fuels [1-3]. Fuels with a high content of
K and Cl are usually labelled troublesome since they form low-melting, sticky deposits leading to
slagging and fouling problems. Moreover Cl plays a vital role in the catastrophic corrosion
observed in heat exchangers (superheaters) in biomass-fired boilers, especially those utilizing
straw [4,5].



Since biomass contains significant amounts of flame-volatile alkali metal salts [6-9], the ash
deposit challenges from combustion of these fuels differ considerably from fossil fuels. Through
diffusion, thermophoresis, condensation or inertial impaction, gaseous alkali species, alkali-rich
aerosols and fly ash particles are able to form thick deposits on cooler parts of the heat exchangers,
where heat is transferred from the hot flue gas into the steam cycle [10-13]. These aerosol particles
consist mainly of potassium chloride (KCI) and potassium sulphate (K2SO4) [14,15], which are
two species known to cause significant operational challenges due to fouling and corrosion of heat
exchangers [16].

To lessen the corrosion of superheater components, the outlet temperature of the final superheater
is kept relatively low, i.e. at or below approximately 540 °C in Denmark. This result in a lower
efficiency of the power plants compared to coal-firing plants. Thus, there is a strong need for
alternative solutions to corrosion problems in order for biomass to remain an economically viable
energy source. This task is anchored on comprehending fully the mechanisms involved in the
corrosion process. This will guide the development of alloyed materials which can be utilized as
superheaters in boilers firing biomass.

Full-scale corrosion tests have been carried out in power plants in order to ascertain corrosion rates
and mechanisms. Generally, the high corrosion rate observed during straw-firing is attributed to
the following active oxidation mechanism caused by ClI [17-19]. Sulphation of the condensed
KCI close to the superheater tubes generates Cl. This penetrates the initial oxide layer and reacts
with the alloying elements giving rise to metal chlorides. At the oxide/alloy interface, these metal
chlorides possess high vapor pressures and hence vaporize to the oxide/gas interface, where they
become oxidized due to sufficient oxygen partial pressures at these locations [13,20]. Part of the
Cl liberated from this oxidation is able to diffuse back to the corrosion front where it reacts again
with the alloy, thereby propagating the corrosion process. However, the unavoidable variations in
operating temperatures and fuel type tend to complicate the assessment and thus hinder full
understanding of this mechanism. As a result, laboratory-scale studies are employed to study
corrosion under well-controlled (although often greatly simplified) conditions with a focus on
specific parameters. Simplified laboratory-scale corrosion studies using synthetic deposits (KCI,
NaCl, CaCly, etc.), and in some cases, under HCI- or H.O-containing gaseous atmospheres, have
revealed the respective roles of K and Cl in initiating and catalyzing the corrosion of alloys under
oxidizing conditions [4,5,21-30]. The results from characterization of corrosion products from
most of these laboratory studies point towards an active oxidation type of mechanism. However,
few studies [13,31-33] have investigated both the influence of the flue gas and the synthetic
deposit in order to discover more information regarding the corrosion mechanisms under such
realistic, but complex conditions. Comprehensive characterization is difficult with standard
metallographic techniques due to the heterogeneous nature of corrosion products from such studies
and the fact that many of the chloride containing products are water soluble.



The mechanistic conclusions from both full-scale and laboratory-scale studies are often based on
Light Optical Microscopy (LOM), Scanning Electron Microscopy (SEM) and chemical elemental
analysis (by Energy Dispersive Spectroscopy - EDS), on metallographically prepared sample cross
sections [31,32], or on plan view of exposed samples [5,22]. A weakness of this approach, is that
localized and sub-surface features arising from the corrosion process tend to be obscured if they
are absent along the examined cross section, or if they are localized in a few microns area, and
thus important information which could aid understanding is lost. Consequently, it is desirable to
optimize the approach towards characterization of the corrosion products through a combination
of cross-sectional, and a plan view ‘top-down’ technique. For combining site-specific local
analysis with an increased area/volume of the investigated sample part, supplementary X-ray
diffraction (XRD) analysis provides an additional advantage. Furthermore, XRD will enable a
thorough phase analysis of crystalline corrosion products and thus complement the elemental
analysis by EDS.

This paper reports on the application of both cross-sectional and a plan view ‘top-down’
complementary characterization methods for systematic analysis of high temperature corrosion of
an austenitic stainless steel (TP 347H FG) after laboratory exposure to straw-firing gaseous
conditions under a synthetic deposit in the laboratory. Corrosion products were investigated as a
function of distance from the original deposit surface, based on both cross section and plan view
analysis, combined with stepwise removal of the corrosion products. The complementary
information obtained from microscopy (by LOM and SEM), elemental analysis (by EDS) and
qualitative phase analysis (by XRD), allowed the depth-resolved characterization of corrosion
products. This comprehensive characterization helped to effectively discuss the corrosion
mechanisms under the exposure conditions.

2 Experimental
2.1  Sample preparation and high temperature exposure

A fine grained (FG) austenitic stainless steel (TP 347H FG) tube with the composition shown in
Table 1 was investigated. The tube was sectioned into rings of width 1 cm. From these rings, arc
shaped specimens with an average internal surface area of 1.2 cm? were cut. These tube pieces
were degreased in acetone and then ethanol, in an ultrasonic bath prior to synthetic deposit coating.

Table 1. EDS measured chemical composition (in wt.%), of the as-received austenitic stainless
steel (TP 347H FG) investigated

Si Cr Mn Ni Fe Nb




0.4 18.1 2.0 10.3 68.7 0.5

The concave side of the curved tube pieces was covered with a synthetic deposit of pure KCI
(Sigma, > 99% ). For this purpose, a deposit slurry was prepared by mixing 32 — 60 um sized KCI
particles with 2-propanol. The slurry was applied such that, after solvent evaporation, a uniform
coating of about 52.1 mg cm of the deposit was obtained on the surface. The use of deposit
slurries is in accordance with the EU guidelines [34,35] for hot corrosion testing, and also enhances
effective simulation of high temperature corrosion under alkali chloride deposits as observed in
power plants.

High temperature exposure of the coated specimen was carried out in a corrosion test rig [13,33]
consisting of an electrically heated horizontal furnace, a gas mixing panel and a flue gas clean-up
system. A schematic sketch of the corrosion test-rig is shown in Fig. 1. The test-rig contains five
quartz tubes which allow five exposures under a similar gas environment (in the present work,
only one distinct exposure condition is considered). Mass flow controllers were employed to
regulate the concentration of the respective gases making up the simulated flue gas.

Table 2 presents the gas composition employed to simulate the flue gas composition during straw-
firing, as measured in a Danish power plant firing straw [32]. The concentration of HCI used is a
worst case level as the average concentration in straw-firing is approximately 70 ppm. To ensure
a uniform gas flow rate in each reactor, ball flow meters were also connected at the exit of each
reactor. The KCI coated specimens were exposed at 560 °C for 168 hours in the corrosion test-rig.

Additionally, in a separate experiment to investigate the possibility of K2CrO4 sulphation under
the simulated straw-firing condition, as-received K2CrO4 particles were exposed to the same flue
gas composition used to simulate straw-firing at 560 °C for 168 h.
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Figure 1. Schematic illustration of the corrosion test rig employed for the high-temperature
exposure. The electrically heated horizontal furnace contains 5 quartz reactors, which allows for 5
simultaneous experiments under similar flue gas conditions. Only 1 (out of the 5) flue gas cleaning
systems have been shown.

Table 2. Composition of the (dry) flue gas employed to simulate straw firing conditions

Gas Concentration in flow
N2 82 vol.-% (dry)

02 6 vol.-% (dry)

CO2 12 vol.-% (dry)

SO 60 ppmv (dry)

HCI 400 ppmv (dry)

2.2  Characterization of exposed samples

After cooling to room temperature, the exposed samples were investigated by microscopic (LOM,
SEM), and diffraction based (XRD) techniques, in addition to chemical compositional analysis
(EDS). The comprehensive characterization of the exposed samples involved both a cross-
sectional approach and a plan view ‘top-down’ approach through removal of corrosion products.

For cross-sectional investigation, an exposed sample was first mounted in epoxy under vacuum,
which ensured a rather tight embedding and preserved the sample morphology. The embedded
sample was further sectioned along its length-axis, and subsequently re-embedded with the cut
surface facing downwards in order to access the sample’s cross section. The final embedded
sample was ground and polished according to standard metallographic sample preparation
procedure, but under water-free conditions. As a substitute, absolute ethanol (VWR chemicals,
99.9 %) was utilized during grinding and polishing to preserve the water-soluble corrosion
products.

Plan view ‘top-down’ analysis was carried out on exposed samples without any embedding.
Microscopic, spectroscopic and diffraction based characterizations were first carried out directly
on the surface of the exposed sample and then, combined with removal of various layers of the
corrosion product. A schematic sketch showing the directions and locations from which the
characterization stages were undertaken is shown in Fig. 2.



(i)
SEM, EDS, XRD
~. Deposit .. ..
N Tay e ben [ L L

NI e,
F i Y et ."-“\"“‘\‘"!"‘.‘.‘r"' '
[ ‘-@. - ")u"-:“ ‘}.",=‘ o )
sem, Eps () W0y AT s
(ii) SEM, EDS, XRD
l Layer 1
SEM, EDS (iv)
1(\;) SEM, EDS
’V'ﬁ‘)_l' —ISEM, EDS, XRD

SEM, EDS, XRD
(viii) Layer 3 ~— Corrosion front

Bulk alloy

Figure 2. Schematic illustration of the depth-resolved top view characterization process. Arrows
are used to show the direction from which the characterization was carried out. Employed
characterization techniques at each point are also shown.

A scalpel and at larger depths, SiC paper were used to remove the synthetic KCI deposit and the
resulting corrosion products. In cases where large deposits and corrosion product layers could be
removed as compact pieces, the underside of these was also investigated. This removal is a dry
process which does not involve solvents of any kind. The weight difference after each removal
step was monitored for estimating the removed layer thickness assuming a homogenous layer
distribution. A related approach had earlier been employed for XRD stress analysis of oxide phases
on the steam side of superheater tubes [36].

The reaction product resulting from the additional separate exposure of K>CrO4 to straw-firing
conditions was characterized by SEM, EDS and XRD.

2.3  Characterization techniques

Cross-sections of the exposed samples were examined by means of LOM (OLYMPUS GX 41) to
investigate the microstructure, thickness and morphology of the various corrosion products. The
metallographically prepared samples were etched by swabbing with glyceregia for ca. 6 sec and
afterwards rinsed with deionized water before LOM investigations.

SEM was employed for both cross section and plan view characterization of the exposed samples.
Both secondary electron (SE) and backscattered electron (BSE) images were used to obtain
information on the morphology and chemical composition of the corrosion products. A SEM (FEl,
Inspect S and JEOL, JSM 5900) operated with an acceleration voltage of 15 keV was used.

Elemental analysis of corrosion products was carried out, both on cross sections and as plan view
measurements, applying an Oxford Inca EDS system. The EDS system was connected to the SEM,
which was also operated with an acceleration voltage of 15 keV during EDS-analysis.



X-ray diffraction was carried out on the concave sample surface, both directly after exposure and
after the various removals of the corrosion products. XRD was carried out using a diffractometer
(D8 Discover) from Bruker AXS operated in grazing incidence geometry, with a point focused
incident X-ray beam using a polycap optics system to converge the beam. The investigations were
undertaken such that the sample length-axis (i.e. the longitudinal axis of the tube) with uniform
sample height becomes parallel to the diffraction plan and thus eliminates the possibility of
shielding the X-Ray beams. Measurements after the various layer removals were carried out with
an X-ray incidence angle of 3 °, giving a constant penetration depth less than 1.3 um within the
range of measured diffraction angles (20 = 30 — 135 °) for the applied Cr-Ka radiation.
Measurements directly on the as-exposed sample surface, i.e. before any layer removal, were
performed with an incidence angle of 5 °. However the penetration depth cannot be determined
accurately due to the unknown absorption characteristics of the porous salt deposit. The sketch in
Fig. 2 shows the different locations at which XRD investigations were carried out. For XRD
measurements on the reaction products from the exposure of K.CrOg4, the conventional Bragg-
Brentano diffraction geometry was used with Cr-Ka radiation.

3. Results
3.1  Characterization across the cross section of the exposed sample

The microstructure of the sample cross section (cs), as observed with SEM using a BSE detector,
is shown in Fig. 3a. From the micrograph, three layers of corrosion products (layer 1-cs to layer
3-cs) can be identified and magnified views of these different layers are presented in Figs. 3b and
3c. The thickness of these corrosion product layers is inhomogeneous. However, results from
thickness measurements from 30 locations across the exposed sample cross section, showed the
average thickness to be 31.3 + 6.8 um, 18.5 + 7.8 um and 10.8 + 2.6 um for layer 1-cs, layer 2-cs
and layer 3-cs, respectively. To supplement microscopic analysis, EDS elemental mapping was
also carried out (Fig. 4), to show the distribution of alloying elements or deposit/flue gas
constituents within the corrosion product.



Figure 3. (a) Backscattered electron (BSE) micrograph of the exposed sample cross section. (b)
shows a magnified view of the first two layers (layer 1-cs and 2-cs), (c) is a magnified view of the
sponge-like layer (layer 3-cs).

The chemical composition of the three distinct layers of the corrosion products, which were
identified by microscopy (Fig. 3), can be visualized in the EDS maps (Fig. 4). From the EDS maps,
layer 1-cs consist of a mixed layer as already indicated by the contrast in the micrograph (see Fig.
3) and contains mainly K, Fe, S and O. A discontinuous band of Cl is observed above layer 1-cs.
Layer 2-cs is revealed to consist of Fe, Mn, Cr, and O (see Fig. 4). This layer contains severe
cracks as well as several voids, i.e. the layer possesses high porosity. Close to the bulk alloy, the
sponge-like layer (layer 3-cs) is observed from the EDS maps to consist of Ni and S. This sponge-
like layer is non-uniform and exhibits an irregular interface with the bulk of the alloy (Fig. 3c).

Upon etching the sample cross section with glyceregia, the microstructure of the steel below layer
3-cs was revealed as shown in Fig. 5. Selective attack along the grain boundaries is observed close
to the corrosion front and is marked in the micrograph.



Figure 4. SEM image (upper left) and EDS elemental maps showing the chemical composition of
the corrosion products across the cross section of the exposed sample.

Figure 5. LOM micrograph showing the microstructure of the exposed sample cross section below
the corrosion products after etching with glyceregia. Grain boundary attack is marked.



It is pertinent to mention that these corrosion product layers shown in the micrographs (Figs. 3 and
4) are observed directly below the initial (KCI) deposit. The embedding of the sample in epoxy to
preserve the morphology of the corrosion products for cross-sectional examination obscures some
information about the chemistry and morphology of the deposit after high temperature exposure.
This is a result of interference from the embedding matrix during chemical elemental analysis, as
well as the detachment of some of the deposit particles during metallographic preparation.

3.2  Depth-resolved characterization combined with successive layer removal

Plan view investigations by SEM (carried out at locations (i) and (ii) in Fig. 2) revealed the
morphology of the synthetic deposit after exposure, as shown in Fig. 6. Small particle clusters are
observed to accumulate around the initial KCI (deposit) particles. At the deposit/flue gas interface
(Fig. 6a), the small particle clusters appear to have totally coated the initial deposit surface, while
at the deposit/corrosion product interface (Fig. 6b) these particles appear as attachments to the
initial deposit particles. EDS-analysis (see Table 3) on these particle clusters shows the presence
of S in addition to K and Cl, thus, suggesting the sulphation of the initial synthetic deposit. The
measured concentrations of K, S and O from EDS-analysis indicate the formation of K2SO4.

The diffractograms in Fig. 7 were recorded by XRD on the exposed sample, both at the deposit/flue
gas interface and at the deposit/corrosion product interface (points (i) and (ii) in Fig. 2). Apart
from KCI, K2SO4 can be identified on both measured sites (according to Joint Committee Powder
Diffraction Standard (JCPDS) cards; 41-1476 and 83-681 for KCI and K2SQO4 respectively).

Figure 6. BSE micrographs showing the deposit particles, after high temperature exposure viewed
both from (a): the flue gas/deposit interface and (b): the deposit/oxide layer interface
(corresponding to locations (i) and (ii) in Fig. 2). Results from EDS-analysis on the selected
regions are presented in Table 3.
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Table 3. Elemental composition of selected regions at the flue gas/deposit interface (see Fig. 6a),
determined by EDS-analysis

Element (wt.-%)

Region

) S Cl K
1 38.2 18.6 0.4 42.9
2 18.7 7.0 31.0 43.3

XRD phase identification thus supports the EDS-data with respect to the sulphation of the initial
deposit to yield K2SO4 (see results in Table 3). However, the additional detection of KCI by XRD
(in conjunction with identification of K and CI by EDS) also suggests incomplete sulphation of
the deposit particles during exposure.

Deposit/oxide layer interface
Flue gas/deposit interface

600

* _KCl
400 4 ® -K»S0y4

*
@

Intensity (a.u)

20

Figure 7. XRD phase analysis on the synthetic deposit, both at the flue gas/deposit interface and
at the deposit/corrosion product interface, (i.e. points (i) and (ii) in Fig. 2).

Similar to the observation of distinct layers in the cross section analysis (-cs layers), also the plan
view analysis revealed that the corrosion product consists of several layers (-pv layers). Two
distinct layers of corrosion products were identified underneath the initial synthetic deposit. Fig. 8
shows the microstructures of these layers, as observed from the initial deposit/flue gas interface,
and the interface between the first two layers of corrosion product (points (iii) and (iv) in Fig. 2).
SE and BSE micrographs respectively reveal morphological and chemical contrast between these
layers. An overview of both layer 1-pv and layer 2-pv is shown in Figs. 8a and 8b.
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Figure 8. BSE (left column) and SE (right column) micrographs from plan view analysis showing
layer 1-pv and layer 2-pv of the corrosion product (as viewed from the deposit/corrosion product
interface —points (iii) and (iv) in Fig. 2), after the synthetic deposit has been removed. Results from
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EDS-analysis on the marked regions are presented in Table 4. In (a) and (b), the two layers of
corrosion products can be seen. Magnified BSE and SE images are shown for layer 1-pv in (c) and
(d) and from different locations for layer 2-pv in (e)-(h).

Layer 1-pv (Figs. 8c-d) when viewed from point (iii) in Fig. 2, is observed to consist of isolated
clusters of round-shaped particles lying on a continuous layer. The morphology of this continuous
layer suggests that it has been partly molten. The continuous partly molten layer on layer 1-pv is
also observed to contain embedded particle strands. Through EDS-analysis (see Table 4), the
isolated clusters of round-shaped particles (region 2 in Fig. 8c) are found to be abundant in K, S
and O. Conversely, on the partly molten continuous layer (region 1 in Fig. 8c), the major identified
elements were K, CI, O and Fe. Layer 1-pv (Figs. 8c-d) could correspond to layer 1-cs (cf. Fig. 3)
which comprised of K, Fe, S and O, as observed from cross-sectional characterization of the
exposed sample. From the plan view ‘top-down’ characterization method, it is observed that layer
1-cs could have been formed locally, rather than as a continuous layer as observed in the
micrograph in Fig. 3. This highlights the need for complementing both characterization approaches
for thorough characterization of corrosion products.

Table 4. Elemental composition of selected regions at the deposit/corrosion product interface (see
Fig. 8), determined by EDS-analysis

Element (wt.-%)

Image Region

@) S Cl K Cr Mn Fe
Figure 8c 1 6.6 0.9 34.1 42.0 - 0.4 15.9
2 34.0 18.7 0.5 44.7 - - 2.0
Figure 8e 3 25.9 - 0.2 0.2 2.3 2.9 68.4
4 26.6 - 1.2 1.3 15.2 1.3 54.4
Figure 8 5 22.5 - 0.6 0.7 4.5 1.3 70.5
6 22.2 - 4.3 3.9 2.2 0.5 66.9

The microstructure of layer 2-pv shown in Figs. 8e-h is more complex. SEM and EDS
investigations on this layer were carried out from the direction indicated by point (iv) in Fig. 2. On
some locations, faceted Fe-rich structures were observed (see Figs. 8e-f and Table 4). Surrounding
these faceted structures, Fe-rich blade-like hollow structures containing appreciable amounts of Cr
are also observed. These hollow shaped structures existed in a networked type of arrangement.
Some faceted structures can also be identified within these structures. Other locations on layer 2-
pv comprised of coral-like arrangement of particles (Figs. 8g-h). Whisker-like protuberances are
observed within these coral-like arranged particles. EDS-analysis disclosed this layer to consist of
O, Fe, Cr, Kand ClI (see Table 4).
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Fig. 9 presents the microstructure of the corrosion products beneath the synthetic deposit, but as
viewed from the interface between layer 2 and layer 3. Directions from which the investigations
were carried out are indicated as points (v) and (vi) in Fig. 2. Similar to the observation from Figs.
8a-b, two layers (layer 1-pv and layer 2-pv) of corrosion products are observed in the micrograph
in Fig. 9a.

Sulphated (a

Figure 9. BSE micrographs showing the morphology of the corrosion products (as viewed from
the interface between layers 2 and 3 of the corrosion product —indicated by points (v) and (vi) in
Fig. 2), after the synthetic deposit has been removed. Two distinct layers of corrosion products are
observed in (a) and magnified images are shown in (b)-(d). EDS results from selected regions on
the micrographs are presented in Table 5.

The first layer (layer 1-pv) consists of segregated dark regions (Fig. 9b) amidst a brighter region
having a partly molten and sintered morphology (Fig. 9¢). This is similar to that observed in Fig.
8a-b. Within the segregated dark regions on layer 1-pv, bright particle strands are seen to
accumulate around, and on the dark round-shaped particles. EDS-analysis showed the composition
of this segregated dark regions to include O, S, K, and Fe, with minor amounts of Cl and Cr (see
Table 5). The bright particle strands are similarly observed on the partly molten and sintered
regions in layer 1-pv (Fig. 9c). The elemental composition of the partly molten and sintered region
was determined by EDS-analysis to consist of Cl, K and O, with minor amounts of Cr and Fe

14



(Table 5). This observation reiterates the incomplete sulphation of the initial deposit particles
under the exposure conditions. The second layer is observed to comprise of large facetted
structures lying on a continuous layer (see Fig. 9d). The morphology of this layer shows non
continuous regions in the form of platelets. The large facetted structures were identified by EDS-
analysis (see Table 5) to contain O and Fe with a minor amount of Cr (1.6 wt.-%). On the
continuous layer, O, Fe and high amounts of Cr (46 wt.-%) were identified by EDS-analysis. Minor
amounts of Si, Ni, Mn, Nb, S, K and CI were also identified on this layer in concentrations < 2
wt.-% (Table 5).

Table 5. Elemental composition of selected regions at the interface between corrosion product
layers 1 and 2(see Fig. 9), determined by EDS-analysis

Element (wt.-%)

Image Regon 55 I K Cr  ™Mn Fe S NI ND
Figure 9b 1 387 175 03 395 - - 40 - - -
Figure 9c 2 32 - 462 457 08 - 41 - - -
Fquresd 3 280 - - - 16 - 704 - - -

4 226 - 09 05 464 10 251 08 04 1.9

XRD results from the interface between corrosion product layers 2 and 3 are shown in Fig. 10.
XRD was carried out on the removed corrosion product from the direction indicated as point (vi)
in Fig. 2. Phase identification is not straightforward for the present oxides, because slight variations
of the chemical composition as well as the presence of macrostresses considerably cause deviations
of the measured peak position compared to the theoretical data from the JCPDS for possible
phases. However, in addition to K2SO4 and KCI (in agreement with Fig. 7), Fe2O3 (JCPDS card
33-664) and Cr-containing spinel (JCPDS card 34-140) were identified.

*

- FeCr,O
600 - 274

-FepO3
-KCl
- K250y

@ * 3

400 +

Intensity (a.u)

4I0 SIO BID . 1EI)D ' 150
20
Figure 10. X-Ray diffractogram from the removed corrosion product beneath the synthetic
deposit, i.e. from the interface between layers 2 and 3 of the corrosion product (point (vi) in Fig.

2).
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The change in microstructure of the third layer of corrosion product (layer 3-pv), from the layer
surface (L3S) towards the bulk of the alloy is shown in Fig. 11. Characterization of this layer was
carried out from the direction indicated as point (vii) in Fig. 2.

A combination of the weight change after each removal step, and the density of the prevalent
phases identified enabled an estimation of the thickness of the removed layer. EDS revealed high
Ni and S concentrations (36.6 wt.-% Ni and 11.3 wt.-% S) on the surface of layer 3-pv (see region
2 in Table 6). Also in larger depth of 9.1 um from L3S, EDS revealed (not shown here) that S is
associated with Ni along the alloy grain boundaries.

wyé

Layer 3-pv surface (L3S) 02.8 um beneath L3S

72.2 um beneath L3S

Figure 11. BSE micrographs showing microstructure changes of the internal corrosion regions
revealed by successive removal of the porous layers starting from the original interface between
layer 2-pv and layer 3-pv (Fig. 114, i.e. point (vii) in Fig. 2). The associated depths shown in b)-
d), have been estimated from the weight of the removed corrosion products and the densities of
the prevalent phases identified by XRD measurements. EDS results of the marked regions are
given in Table 6.
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Table 6. Elemental composition of selected regions on layer 3-pv of the corrosion product (see
Fig. 11), determined by EDS-analysis

Element (wt.-%)

Image Region =53 Cl K _Cr Mn Fe Si_ Ni

Fguetta L 132 28 135 10 26 10 225 - 433
2 201 113 37 09 25 11 229 10 366

Figure 11c 3 1.6 - - - 182 21 650 05 122

& The determined Si concentration could have been influence by residual Si from the grinding
process.

Protrusions very rich in Cl (13.5 wt.-%) are observed locally on layer 3-pv (see Fig. 11a-b). Fe,
Cr, Si and low amounts of K (< 1 wt-%) were also identified by EDS-analysis on this layer.
Empirically, the amount of K observed is too low to chemically balance both CI- and SO42 anions.
Interestingly, relative to the concentration of other cations, and the concentration of Ni in the bulk
alloy (cf. Tables 1 and 6), only Ni enrichment is observed within the protrusions (up to 40 wt-%).
This observation suggests that the observed Cl is possibly, chemically associated with Ni. With
further progress towards the bulk of the sample, the corrosion attack is seen to proceed through
grain boundary attack (Figs. 11c-d). Metal oxides (FeCr.O4 and Fe»O3z) are also identified by
XRD on the surface and sub-surface regions of layer 3-pv (Fig. 12).

1600 p

Layer 3-pv surface (L3S)

—— 2.8 um beneath 1.3S
| ——9.1 um beneath L3S
12004  #-Nis, —16.5 um beneath L3S
| ——47.8 um beneath L38

1400 +

& - y-Fe

- FCszt-]4
#-Fe O,

* - KCI

1000 +

»

800 4

600

[ntensity/counts sec-

400 ;

Figure 12. X-Ray diffractograms for various removals of layer 3-pv corresponding to the
micrographs in Fig. 11.The associated depths have been estimated from the weight of the removed
corrosion products and the densities of the prevalent phases identified by XRD.
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However, the intensities of peaks from these phases are observed to decrease, as the bulk of the
alloy is approached through removal of the corrosion product. Additionally, diffraction from nickel
sulphide (Ni3S2) (JCPDS card 73-698) was recorded in the diffraction patterns as a function of
distance from the surface of layer 3-pv. After an initial increase of the diffracted intensities of
Ni3S2-peaks, they finally disappear as the bulk of the alloy is approached, which indicates that this
phase is only located in a fairly thin region. Peaks from the y-Fe phase, are seen to dominate with
progress towards the bulk of the sample, indicating that the selective corrosion attack region
becomes thinner during the course of the removal. No metal chloride phase could be identified
from the XRD-measurements, probably because these phases exist only locally within the porous
Ni-rich layer, as revealed by SEM (Figs. 11a-b).

In Fig. 13, a schematic summarizing the results from characterization of the corrosion product is
shown. Results from both cross-sectional and plan view ‘top-down’ characterization methods
showed that, the first layer (layer 1) was composed of partly molten KClI, segregates of K.SO4 and
some Fe-oxide strands. Layer 2 was found to contain Fe>O3 and Fe2CrOa. In the selective attacked

region (layer 3), Ni3S2 was identified. Metallic Cl-rich protrusions were also identified in this
layer.
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Figure 13. Schematic illustration of the prevalent corrosion products identified from both cross-
sectional and plan view ‘top-down’ characterization methods.
3.3  Reaction product from the exposure of K2CrO4

Characterization of the reaction product arising from the exposure of K>CrO4 to straw-firing
conditions revealed the formation of alkali metal sulphates. Characterization of the reaction
products both by EDS-analysis and XRD showed the presence of K2SO4 in the reaction product

18



(see Fig 14 and Table 7). The observation of Na-containing phases in the diffractogram was due
to Na impurities present in the as-received K>CrOyg, as indicated in the specification sheet [37].

2000

— K,CrO,(Exposed to straw-firing conditions)
(b) —— K, CrO, (As-recieved)

+-K,Cro,
@ -K,S0,

1000 0—Na$,0,

§ -Na,Cro,

Intensity (a.u.)

20

Figure 14. Exposure of K>CrOg4 to straw-firing conditions: (a) BSE micrograph of the reaction
product. The corresponding EDS-analysis is presented in Table 7. (b) X-Ray diffractogram.

Table 7. Elemental composition of selected regions on the corrosion product resulting from
exposure of K>CrO4 to straw-firing conditions (cf. Fig. 15a), determined by EDS-analysis

Element (wt.-%)

Image Region R S K Cr Na
Fiqure 15a 1 33.3 15.9 29.9 17.4 3.8
g 2 319 204 439 20 1.8
4, Discussion

High temperature corrosion observed on superheater tubes during biomass firing is widely
accepted to be caused by KCI, which condenses on heat exchanger surfaces. The catastrophic
corrosion observed is frequently explained by the active oxidation mechanism catalyzed by ClI
[2,17,18,38]. Initiation and sustaining mechanisms for the corrosion process are still being
discussed in literature [22,27,30,38,39]. For Cr-containing alloys under oxidizing conditions, the
K-induced breakaway corrosion of the initial protective Cr.Os layer has been reported as the
initiation process (equation 1) [5,21,40].
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Cr,05(s) + 4KCI(s) + 2H,0(g) + %Oz (g) = 2K,Cr0,(s) + 4HCl(g) D

The above reaction depletes the alloy of Cr, and thus results in the formation of a non-protective
iron-rich oxide layer according to equation 2.

3
— xFe,05(s) + 2(1 — x)K,Cr0,(s) + 4HCl(g) 2)

The HCI generated from this reaction is able dissociate under oxidizing conditions to give Cl2(g)
(equation 3) [20,38,41], which migrates through the porous oxide (possibly through grain
boundaries), to the metal bulk where it chlorinates the metal alloying elements, to generate metal
chlorides.

1
2HCI(g) + 3 0,(g) = Cl,(g) + H,0(g) (3)

M(s) + xCl = MCl,(s) 4)

The diffusion of chlorine can also progress through an electrochemical route involving the
reduction of Cl at the scale surface and the oxidation of the metal below the scale surface
[22,27,30].

However, in atmospheres containing SO2(g) (similar to experimental conditions of the present
work), the sulphation of KCI is possible (equation 5), and thus the initiation as well as the overall
corrosion mechanism may be different. By means of the plan view ‘top-down’ characterization
approach applied in the present work, it is observed that the initial synthetic deposit consisting of
pure KCI(s), becomes sulphated both at the flue gas/deposit and at the ‘initial’ deposit/oxide
interface, after exposure to an SO, containing flue gas (see Figs. 6 and 7).

2KCI(s) + SO, (g) + %Oz (g) + H,0 = K,S0,(s) + 2HCI(g) (5)

Difference in the flue gas concentration at the deposit/flue gas and deposit/corrosion product
interfaces, might be a reason for the greater sulphation of the deposit particles at the deposit/flue
gas interface. The sulphation of KCI will proceed with the adsorption of SO> on the KCI particles,
forming the SO3z intermediate, according to a Langmuir adsorption model as proposed for NaCl
sulphation [42,43]. The round-shaped cluster accumulations (identified to be K2SO4 particles),
around the KCI particles observed in Fig. 6, suggest that the KoSO4 must have formed through an
adsorption process and thus supports the above mechanism. In Figs. 6 and 7, KCI was also
identified in addition to K>SO, thereby suggesting an incomplete sulphation. Some experiments
have reported incomplete sulphation of KCI particles exposed to simulated straw firing conditions

20



[32], or a reduced sulphation of smaller sized KCI particles due to low porosity of the deposit,
which limits effective transport of the flue gas through the entire deposit [33]. Nevertheless, the
sulphation of KCI will generate HCI (equation 5), which would also catalyze the rapid corrosion
of the alloy, since such reaction has been reported to also favor the chlorination reaction (equation
4) [20].

Furthermore, it is possible that under straw-firing conditions, the resulting K2CrO4 from equation
(1) formed during the early stages of the corrosion process, becomes converted to K>SOg4
according to equation 6.

4K,Cr0,4(s) + 4S0,(g) = 4K,S0,(s) + 2Cr,0,4 (s) + 0,(g) (6)

The above reaction could account for the absence of K.CrO4 often identified in reports in literature
for similar austenitic stainless steels (see for example [16,23,44]), in the present corrosion
products, despite the extensive characterization process employed. Although the Reaction 6 is
thermodynamically favourable (AG =-683 kJ(T = 500°C) and -617 kJ(T = 600 °C)) [45], it is still
unknown if the initiation process under straw-firing conditions proceeds according to the route in
equation (1) and (2), which results in K2CrO4-formation, or through the additional stage according
to equation (6). To substantiate this, pure K>CrOg4 crystals were exposed in the present work to
similar conditions simulating straw-firing. Results from the characterization of the reaction
products from such exposure highlighted the presence of K2SO4 in the reaction product (see Fig
14 and Table 7), thereby suggesting that the initiation stage of the corrosion process could proceed
through the attack by KCI on the initially formed Cr.O3 and a subsequent transformation of the
resulting K.CrO4 to the stable K2SOa, or directly through the sulphation of KCI.

Plan view investigations below the sulphated deposit showed a fused layer rich in K and Cl,
containing strands rich in Fe. This was also observed together with round-shaped particle
agglomerates rich in K and S. The morphologies of these structures show that they have been
partly molten (Figs. 8c, 8d, 9b and 9c). However, both KCI and K>SO4 exhibit melting
temperatures above 560 °C. A potential explanation for such melts at 560 °C could be the formation
of a eutectic, since neither pure KCI, nor K2SO4 can melt in the temperature range considered in
the present experiments. The ability of KCI to form low-melting eutectics with transition metal
chlorides in the temperature range (200 — 500 °C) has been reported previously [17,39]. With the
depletion of Cr in the oxide and subsurface regions, due to reaction with K, according to equation
(1), Fe-chloride formation from the chlorination reaction in equation (4), becomes
thermodynamically favourable, and thus the formation of a eutectic melt with KCI below 560 °C
is possible. In a melt phase, the rate of sulphation is significantly enhanced and more ClI is
generated, which is able to penetrate the porous oxide layer and induce further chlorination of
alloying elements [32,33,46].

The resulting metal chlorides formed by the chlorination reaction (4) are stable at the (reducing)
oxide/alloy interface, and thus possess high equilibrium vapor pressures [41]. Identification of
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metal chlorides, on local points close to or at the corrosion front between layer 3 and the bulk alloy
(Figs. 11a-b, 12) affirms the stability of these species at such reducing locations. This as well
confirms the role of Cl in the active oxidation mechanism. Earlier work has also identified metal
chlorides at the corrosion front [23,47-49]. However, depending on the vapor pressure of the metal
chloride, these species are able to evaporate and become oxidized upon reaching regions with
relatively high oxygen potentials, according to equation (8).

MCl,(s) = MCl,(g) (7)

YMCL(g) +3 05 (8) = My0,(5) +yCly(g) ®

Part of the released CI from the oxidation is able to migrate back through the resulting porous
oxide to the corrosion front where it reactivates the chlorination reaction. It is worth noting that
the Cl-activity (and thus, the Gibbs free energy) required for the chlorination of metal alloying
elements at the corrosion front depends on the alloying element [20,41,50]. Ni is known to require
a higher Cl activity (compared to Fe and Cr) in order to form the corresponding Ni-chloride [51].
This difference in Cl-activity may explain the significant increase in Ni-concentration observed
within layer 3 of the corrosion product (see Figs. 4, 11 and Table 6). The Ni-rich, sponge-like layer
must thus have been formed due to selective chlorination and oxidation of Cr and Fe from such
regions, consequently leaving the most stable species (Ni) behind as a skeleton.

Dissimilarities in oxygen partial pressure, for the metal chloride to metal oxide transformation in
equation (8), as well as the volatility of the metal chlorides, will determine the hierarchical and
morphological arrangement of the resulting oxide layers. CrCl has been reported to possess lower
vapor pressure than FeCl» [20,41], thus it is realistic to observe a Cr-rich oxide close to the bulk
alloy, and a Fe-rich oxide close to the flue gas/corrosion product interface. Such differences in
metal chloride vapor pressures would also explain the identification of Fe in the corrosion product
layers located at regions with higher oxygen partial pressures (see Figs. 4, 8c, 9b and the tables
therein). Thematically, the identification of 1 wt.-% of Si on the surface of layer 3-pv indicated
the precipitation of Si-oxide at such locations with low oxygen partial pressure, because of the
low oxygen partial pressure required for oxidation of Si-chloride [41]. The Mn band observed in
the EDS maps in Fig 4 is located above the Cr band because of the higher oxygen partial pressured
required for conversion of Mn-chloride to Mn-oxide. Both cross-sectional and plan view ‘top-
down’ characterization of the corrosion products by EDS-analysis showed that the lower region of
the oxide layer (layer 2) contains predominantly Cr. Fe rich particles were located mostly within
the sulphated K>.SO4 and KCI partly molten layer (layer 1-pv) on the top regions of layer 2-cs (and
layer 2-pv), and even at the deposit/corrosion product interface, thereby confirming that higher
oxygen partial pressures are required for the conversion of Fe-chloride. Despite the dependence
of metal-chloride to metal-oxide conversion on oxygen partial pressure, XRD-diffraction results
do not show the separate formation of the two metal (Fe and Cr) oxides. This could be because the
Cr-oxide formed is too thin to be detected by XRD, despite the grazing incidence measurements
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employed in the current study. On the other hand, it is possible that the similar rhombohedral
crystal structures of CrO3 and Fe>O3 would facilitate the formation of the spinel [FeCr204], as
identified by XRD phase analysis (Fig. 10).

Interestingly, the successive removal and characterization of the sponge-like layer, (layer 3) of the
corrosion product, using both XRD and EDS have shown that S also exists together with Ni in this
layer and can be attributed to the NizS2 phase as confirmed by XRD phase analysis. Identification
of NisS; in the corrosion product indicates that, apart from active oxidation of the alloy exposed
to straw-firing conditions, sulphidation may be an attack mode on the non-reacted nickel. The Ni
sulphidation is observed to also proceed within the region of selective corrosion along grain
boundaries (see Fig 11). The identification of sulphidation induced attack in corrosion products
resulting from coal firing, as well as co-firing of straw with coal has been reported [52], and the
responsible mechanism for sulphidation attack on Ni has been discussed by several authors [53—
56]. For direct reaction between S and the metal, it is a requirement for the equilibrium partial
pressure of S to be higher than that of the dissociation of the resulting metal sulphide. Additionally,
the stability region of the metal oxide should overlap with that of the S partial pressure. Under
such conditions, S from the flue gas can diffuse through the porous corrosion product layers to
form the metal sulphide below these layers. The presence of metal alloying elements with high
affinity for oxide formation (such as Cr) will catalyze the sulphidation attack by enhancing the
transfer of S via direct reaction of SO2 with the oxide former [53,55]. Another possible mechanism
will involve direct transport of molecular SO> through cracks and pores in the corrosion product
layers (layer 1 and 2), to the sponge-like Ni rich layer of the corrosion product (layer 3). At such
position, the oxygen potential is relatively low and thus presents a non-oxidizing atmosphere
which would facilitate the sulphidation reaction [53]. Seiersten and Kofstad [54], suggested that
the sulphidation of Ni might involve the NiSO4 intermediate, which converts to the sulphide at
lower temperatures. However, such mechanism is expected to result in the formation of NiO and
Ni3S2 in a 4:1 ratio. The formed NiO from outward diffusion of Ni often leads to detachment of
the scale. However, the NisS> containing layer (layer 3) observed in the present study showed no
signs of detachment (see Fig 3c), thus it is unlikely that the sulphidation attack reported here
proceeded according to the mechanism involving the NiSO4 intermediate.

In summary, the present results from both cross-sectional and the plan view ‘top-down’
characterization of corrosion products, resulting from laboratory scale experiments, indicate that
both active oxidation and sulphidation corrosion mechanisms operate during straw-firing.

5. Conclusions

Corrosion products on an austenitic stainless steel (TP 347H FG) exposed to simulated straw-firing
conditions under laboratory conditions have been investigated. Thorough characterization of the
complete surface region of the exposed sample was achieved from both cross section analysis and
a plan view analysis in combination with removal of the corrosion products. Complementary
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results were revealed from microscopic (LOM, SEM), spectroscopic (EDS) and diffraction
analysis (XRD) as a function of distance from the initial deposit surface.

In particular the depth-resolved (plan view ‘top-down’) characterization approach revealed
interesting features such as the formation of a KCI melt layer below the initial deposit and the local
formation of Cl-rich melts at the corrosion front which are not always visible from cross sections
only.

The combination of both the way of characterization (cross section and plan view as a function of
depth) and the various characterization methods (LOM, SEM, EDS, XRD) revealed unique results,
which are used to further validate the corrosion mechanisms under straw-firing conditions.

Based on the present results it is suggested that the sulphation of KCI as well as the formation of
a KCI-Fe-chloride melt within the sulphate could be responsible for the generation of CI to sustain
the active oxidation mechanism.

The morphology and chemistry of the corrosion products show that for an austenitic stainless steel,
both Cr and Fe are easily attacked by Cl according to the active oxidation mechanism.

Ni is not readily attacked by Cl and is left as a sponge-like layer due to selective oxidation of Cr
and Fe. However, sulphidation of this unreacted nickel can occur.
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