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Abstract 

In this work, complex corrosion products on a superheater tube exposed to biomass-firing were 
characterized by the complementary use of energy-dispersive synchrotron diffraction, electron 
microscopy and energy-dispersive X-ray spectroscopy. Non-destructive synchrotron diffraction in 
transmission geometry measuring with a small gauge volume from the sample surface through the 
corrosion product, allowed depth-resolved phase identification and revealed the presence of 
(Fe,Cr)2O3 and FeCr2O4. This was supplemented by microstructural and elemental analysis 
correlating the additional presence of a Ni-rich-austenite phase to selective removal of Fe and Cr from 
the alloy, via a KCl-induced corrosion mechanism. Compositional variations were related to 
diffraction results and revealed a qualitative influence of the spinel cation-concentration on the 
observed diffraction lines.  

Keywords: Stainless steel; (Synchrotron) X-ray diffraction; SEM; High temperature corrosion; 
Chlorination; Spinel. 

 

 

1. Introduction 

Although combustion of biomass provides a ‘CO2 neutral’ means of energy generation, this fuel gives 
operational challenges during combustion in power plants [1–3]. The high alkali chloride content in 
biomass causes fast corrosion of superheaters due to the formation of corrosive deposits (rich in KCl) 
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as well as the presence of corrosive species in the flue gas (HCl, SO2, etc.) [4–7]. In particular, 
operation at lower steam temperatures (~ 540 oC) to control the rate of corrosion limits the electrical 
efficiency of biomass-fired power plants [8]. The development of corrosion resistant alloys and 
coatings relies on detailed understanding of the underlying corrosion mechanisms. For corrosion 
under biomass firing (i.e. alkali chloride containing) conditions, a comprehensive characterization of 
corrosion products is among the prerequisites for understanding the associated high temperature 
corrosion mechanisms.  

Corrosion products resulting from exposure to alkali chlorides in power plants are often 
heterogeneous and may be up to several hundreds of micrometres thick. Thus, the use of conventional 
characterization techniques is not straightforward. In addition, the solubility of some of the corrosion 
products in water-based lubricants raises challenges during sample preparation prior to 
characterization. Laboratory exposures studying the influence of specific parameters on corrosion of 
samples with simplified geometries have successfully used advanced characterization techniques (for 
example, transmission electron microscopy [9], auger electron spectroscopy [10], 
chronoamperometry [11], etc.) to characterize corrosion products or monitor their formation in-situ 
[12]. Such advanced techniques are difficult to use for plant exposed samples not only because of the 
complex morphology of corrosion products originating from real plant exposure but also due to 
challenging sample geometries. 

Some  studies have attempted to characterize the corrosion products on plant exposed test 
superheaters or probes [8,13–18]. In these studies, the complex morphology of corrosion products 
restricted the characterization to light optical and scanning electron microscopy as well as energy 
dispersive X-ray spectroscopy, mostly carried out on cross sections of samples. Although X-ray 
diffraction strongly supplements microscopy and elemental analysis, only few studies have attempted 
to identify the crystalline corrosion product phases on real superheater tubes by this technique.  The 
low penetration depth (several micrometres only) of the employed conventional X-ray sources in such 
studies limited the analysis to the very near surface region of the corrosion products thereby detecting 
mostly KCl and K2SO4 [13,14] and prevented detailed phase analysis of the fairly thick corrosion 
products. 

It has recently been demonstrated by some of the present authors that complex corrosion products 
resulting from laboratory exposure mimicking that in biomass-fired power plants, can be 
comprehensively characterized by the complementary use of scanning electron microscopy, energy 
dispersive X-ray spectroscopy and X-ray diffraction with conventional X-ray sources in combination 
with successive layer removal [19]. Though time consuming, the reported top-down plan view 
method revealed results that aided understanding of the deposit-gas interactions as well as the role of 
chlorination and sulphidation as corrosion mechanisms. Aiming for a methodology for 
comprehensive characterization of corrosion products on real superheater tubes exposed to biomass 
firing in power plants, the present work demonstrates the capability of using energy-dispersive 
synchrotron diffraction in transmission geometry for non-destructive depth profiling of complex and 
bulky corrosion products on a plant exposed superheater tube. The results were complemented with 
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Figure 1. Snapshot (a) and schematic illustration (b) of the setup applied for depth profiling by means 
of energy-dispersive synchrotron diffraction at the EDDI beamline, BESSY II.  

The highly brilliant and high intense synchrotron radiation enables measurements in transmission 
geometry through the 3 mm thick sample of the present study, and it further allows the use of small 
gauge volumes, resulting in good spatial resolution [22]. The gauge volume was defined by additional 
narrow slit systems in the primary and secondary beam paths as shown in Figure 1b (for details, see 
[21,23–25]). The dimensions of these slits in the axial and equatorial direction were 10 µm and 300 
µm, respectively.  

Unique depth-resolution was achieved by defined z-translations of the sample relative to the gauge 
volume in step sizes of 4 µm. As the gauge volume height of 10 µm is larger than each single sample 
displacement, successively recorded energy-dispersive diffraction spectra partly cover the same 
sample regions. As a result, each measurement was assigned its corresponding depth as the sliding 
average over the 4 µm of sample displacement.   

At each sample position z, energy-dispersive diffraction spectra covering the range of up to 120 keV 
were measured with an acquisition time of 150 s per displacement step, thus, per spectra recorded at 
a specific depth. Subsequent analysis considered diffraction lines between 20-85 keV which covers 
the most efficient photon flux in energy-dispersive experiments at EDDI [21]. Starting at the surface 
(defined by the first diffraction signal from the sample), depth-resolved measurements were carried 
out through the entire corrosion product until the original bulk alloy was reached. This measurement 
procedure was applied on two locations along the sample ring (tube): on the windward side (so-called 
position 12 o’clock) of the tube and on a position located 270 o from the windward side (position 9 
o’clock). These positions are schematically illustrated in Figure 2. 
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