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Corrosion Resistance of 309s Steel CMT-Cladded Layers after Long-Term Exposure to Biomass

The aim of the research presented was to investigate the influence of different biomass ash at corrosion condition T = 650°C 
for 2000 h on the surface of weld cladded (CMT) stainless steels 309. The biomass ashes are rich in K2O, CaO, SiO2, whereas 
sewage sludge ash in P2O5, CaO, Fe2O3 and SiO2. Characterization of the stainless steel cross-section after the corrosion process 
inducted by the presence of ash were carried out SEM with EDS analysis. Phase analysis of corrosion products was made by X-ray 
diffraction (XRD) and simulated using FactSage version 8.3. It has been proved that biomass ashes have the corrosive properties, 
due to the presence of potassium, and are more aggressive than the sewage sludge ash. 
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1. Introduction

Growing environmental concerns, particularly those 
related to greenhouse gas emissions, have intensified efforts 
to transition toward more sustainable and environmentally 
friendly energy sources. In this context, the development and 
implementation of “green energy” technologies have become 
essential, not only in energy generation but also in industrial 
production processes [1-3]. Biomass, derived from organic 
matter and living organisms, has emerged as a widely available 
and increasingly utilized alternative to conventional fossil fuels. 
It encompasses a broad range of materials, including wood, ag-
ricultural residues, energy crops, and organic waste. In addition 
to biomass, sewage sludge represents another promising renew-
able fuel, offering opportunities for energy recovery through 
thermal conversion technologies such as pyrolysis, gasification, 
combustion, and co-combustion [4,5]. These processes are 
continuously being developed to enhance the efficiency and 
environmental performance of waste-to-energy systems [6,7]. 
Despite its advantages, the use of biomass and waste-derived 
fuels introduces significant technical challenges. One of the 
primary issues is related to the formation and composition of 
ash during combustion. Although biomass typically produces 
less ash than coal, its complex and variable mineralogical 
composition complicates classification and behavior prediction. 
The presence of elements such as potassium, sulphur, chlorine, 
calcium, silicon, and phosphorus contributes to operational 

problems, including slagging, fouling, bed agglomeration, and 
high-temperature corrosion [8-10]. High-temperature corrosion 
is therefore a critical concern in energy systems utilizing renew-
able fuels [11]. It is strongly influenced by fuel composition, 
ash chemistry, and operating conditions, especially temperature. 
Elevated temperatures accelerate chemical reactions and diffu-
sion processes, intensifying material degradation. Among the 
various forms of degradation, hot corrosion – caused by molten 
salts in aggressive gaseous environments – poses a particularly 
severe threat to structural materials. To mitigate these issues, 
several strategies have been developed, including the applica-
tion of protective coatings, the use of corrosion-resistant ma-
terials, and the addition of chemical inhibitors. Traditionally, 
low-alloy steels have been employed in boiler construction; 
however, increasingly aggressive operating conditions have led 
to a growing use of high-alloy materials and advanced surface 
engineering techniques [12]. One such technique is Cold Metal 
Transfer (CMT) [13] welding, which enables the deposition of 
corrosion-resistant claddings with reduced heat input compared 
to conventional methods.

In this study, the high-temperature corrosion behavior of 
weld-cladded from austenitic stainless steel 309, deposited by 
CMT technique, was investigated in the presence of renewable 
fuel ashes. The aim of the work is to evaluate the material’s 
resistance to corrosive degradation and to contribute to the de-
velopment of more durable solutions for energy systems based 
on renewable fuels.
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2. Experimental

For the presented study, two types of biomass ashes and 
sewage sludge ash were used in experiments. The samples were 
denoted as: OS – oat straw ash, WB – wood biomass ash and 
SS – sewage sludge ash, respectively. Ash samples were obtain 
from existing energy units. The chemical composition of ashes is 
given in TABLE 1. Stainless steels 309 (X15CrNiSi20-12)  were 
weld cladded (CMT technique) on 16Mo3 steel. The samples 
were cutting from boiler tube (steel 16Mo3) with cladding coat-
ing of steel 309. The chemical composition of the investigated 
309 steels is given in TABLE 2. 

Table 1

Chemical composition of the investigated ashes determined  
after ashing in line with DIN EN ISO 18122 and DIN 51733 [14]

Composition/
wt.%

Wood Biomass 
(WB) CO2

Oat Straw 
(OS)

Sewage 
Sludge (SS)

CO2
Na2O
MgO
Al2O3
SiO2
P2O5
SO3
Cl

K2O
CaO
TiO2
Mn

Fe2O3
Sum

B/A (mass basis)

19,80
0,00
8,29
1,89
8,57
7,24
1,29
0,05
15,18
34,84
0,05
1,91
0,90
100
3,28

7,00
0,90
1,98
0,86
33,27
9,67
2,04
0,57
36,80
6,47
0,05
0,10
0,28
100
1,05

0,00
0,53
5,86
7,55
21,00
29,09
1,85
0,00
2,26
20,55
0,97
0,08
1027
100
0,5

Table 2

Chemical composition of austenitic steels [13]

Type of 
Steel

Element content, wt. %
C Si Mn Cr Ni P S Fe

309 ≤0.22 0.9 2.5 24 13.5 ≤0.045 ≤0.015 Bal.

To investigate the corrosion products formation in high 
temperature conditions under the exposure to renewable fuel 
ashes, samples of steel 309 were covered by OS, WB, SS ashes 
and placed into the furnace for t = 2000 h at T = 650°C (Fig. 1). 

Fig. 1. Scheme of corrosion test equipment (placed inside muffle 
furnace) [13]

Cross-section of samples were investigated by XRD and 
SEM-EDS methods. The FEI Quanta 3D FEG Dual Beam 
microscope was used. SEM-EDS study was also conducted to 
obtain information about distribution of main elements in the 
layer which was formed during the process. The samples were 
observed by secondary electrons using the acceleration voltage 
in the range of 5-15 kV (surface analysis, cross -section analysis) 
and 10-20 kV (EDS maps of elements). Phase analysis of cor-
rosion products which occurred on the surface of steel samples 
was carried out by X-ray diffraction (XRD) using PANanalytical 
DY-1061EMPTYREAN with CuKα radiation in Bragg-Brentano 
geometry 2θ = 20-80°; λCu = 1,54 Å). Thermodynamic calcula-
tions supporting the process of identifying phases formed under 
given thermodynamic equilibrium conditions were carried out 
using the FactStage 6.3 program and the FactPS, FToxid and 
FTsalt databases using the Reaction and Phase Diagram modules. 
Modules were used to determine the Gibbs free energy ΔG of 
formation of one oxide mole for steel and ashes and phase equilib-
rium after tests in ashes at T = 650°C in an oxidizing atmosphere.

3. Results and Discussion

The SEM-EDS method allows for investigating the cross-
section of corrosion products morphology and chemical compo-
sition. Fig. 2 shows the cross-section after the corrosion process 
with different biomass ashes. These layers seem to be divided 
into two parts. The layer of corrosion products is inhomogeneous 
not compact and cracks are visible. The significant difference be-
tween the value of the thermal expansion coefficient of the sam-
ple substrate and the oxide layer can cause cracks during rapid 
temperature changes while formation. The thickness of formed 

Fig. 2 SEM image of cross-section steel 309 after the corrosion process under a) wood biomass WB, b) oat straw OS, c) sewage sludge SS
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layers depends on the type of ash used during the experiment and 
is in the range of 5-40 µm. The thickest layers on the surface of 
steel were denoted for samples after exposure to biomass ashes 
(Fig. 2a, b), while the layer of corrosion products formed during 
the heating under SS ash was the thinness (Fig. 2c).

On Figs. 3-5 the EDS analysis of investigated coating after 
corrosion process is presented. After the corrosion tests, the upper 
layer contains mostly elements from ashes such as K, Cr, Ca, P 
and Si, while the layer near the steel surface is composed of  
chromium, nickel and iron oxides. Moreover, iron oxides can be 

Fig. 3. Map of elements, steel 309 after the corrosion process under oat straw OS ash 

Fig. 4. Map of elements, steel 309 after the corrosion process under wood biomass WB ash
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observed also in the upper layer, thus the diffusion of iron to the 
surface is not inhibited. In contrast, diffusion of ashes elements 
into steel  is also visible. 

Important is phase composition of the corrosion coating. For 
the identification we used XRD analysis preceded by modeling 
using FactStage. 

Figs. 6-8 present the results of thermodynamic calculations. 
Modeling showed that during corrosion process in wood ash 
WB, Cr2O3 can only appear at extreme values of oxygen partial 
pressure, i.e., below 10–29 atm. and above 10–6 atm. Over the 
remaining wide range of oxygen partial pressure, chromium 
forms chromates with ash components, such as potassium chro-
mate (IV) or calcium dichromate (IV) [15]. Additionally, over 

a wide range of oxygen partial pressure, it occurs in the form of 
spinel with iron, FeCr2O4. Iron forms oxides Fe2O3 and Fe3O4 
and can also form a phase with phosphorus, FePO4. The main 
ash elements are potassium and calcium, which can also form 
K2SiO3, K2Si2O5, or K2Si4O9 phases [16]. Calcium has a greater 
affinity for phosphorus, which can form Ca3(PO4)2 and Ca2P2O7 
phases. Residues of phases constituting ash may also appear in 
the system. Similar phases are formed in the oat straw biomass 
with 309 cladding coating system. Differences phases are ob-
served in system 309 sewage sludge ash. Cr2O3 occurs at oxygen 
partial pressures below 10–29 atm. and above 10–7 atm. In the 
remaining range, it forms spinel FeCr2O4. Iron forms oxides 
Fe2O3 and Fe3O4, as well as compounds with ash components 

Fig. 5. Map of elements, steel 309 after the corrosion process under sewage sludge SS ash

Fig. 6. The Fe – Cr – Ni – K – Ca – Si – P – oxygen phase diagram for the 309S steel coating heated in the presence of mixed wood ash
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Fig. 7. Fe – Cr – Ni – K – Ca – Si – P – oxygen phase diagram for the 309S steel coating heated in the presence of oat straw ash

Fig. 8. Fe – Cr – Ni – K – Ca – Si – P – oxygen phase diagram for the 309S steel coating heated in the presence sewage sludge ash

Fe2SiO4, FePO4, and Fe3P. Nickel, in addition to its oxide, can 
form a phase with phosphorus Ni5P2. Calcium, as in other ashes, 
forms phosphates Ca3(PO4)2 and Ca2P2O7, and silicates CaSiO3. 
The ash component SiO2 is also an additional phase. 

XRD analysis for all samples of steel 309 under the WB, 
OS and SS ash are presented on Fig 9. For samples heated in 

the WB and OS process, the main phases are Fe2O3, FeCr2O4, 
K2CrO4, and Ca3(PO4)2, Ca2P2O7, NiO and Ni3P. For samples 
heated in the SS ash we identify the phases SiO2, Fe2O3 and 
Ca3(PO4)2 main phases of the ash. 

The obtained XRD analysis results are in accordance with 
the modeling performed using the FactStage program.
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4. Conclusion

In the presented work  weld cladded (cold metal transfer 
method) from 309 austenitic stainless steels coating was in-
vestigated after the exposure to renewable fuel ashes such as 
biomass ashes (oat straw and wood biomass ), as well as sewage 
sludge ash in high temperature. The experiment performed using 
t = 2000 h and T = 650°C. The layer of corrosion products formed 
after the exposure to ashes depends mostly on kind renewable 
fuel ashes. The thickest layers on the surface of steel were 
observed for samples after exposure to biomass ashes and the 
thinner layer was for sewage sludge ash. The thickness of cor-
rosion products layer was in the range of 5-40 µm. Furthermore, 
there were visible cracks and inhomogeneous layers. XRD and 
SEM-EDS analysis supported by FactStage 6.3 program show 
the phases composition of the corrosion layers and indicate 
which elements in the ash are highly corrosive and destroy the 
protective layer of the steel coating. In the case of WB and OS 
ash, this element is potassium, which has a strong affinity for 
chromium. This element affects the degradation of the protec-
tive Cr2O3 coating, forming potassium chromates (IV) K2CrO4 
phase. In the case of SS ash, none of the elements in the ash 
exhibits an affinity for chromium. Although Ca is present in 
this ash, which could be aggressive and form the chromate (VI). 
In this case form in a wide range as phosphate – Ca3(PO4)2, 
Ca2P2O7 . Based on the obtained results and thermodynamic 
data, it can be concluded that Ca, an alkali metal, does not pose 
a threat to the protective Cr2O3 layer, as it forms phases with 
phosphorus due to its high affinity for phosphorus. Taking the 
above into account, for applications where OS and WB type 

biomass is burned, the material for the devices should be selected 
very consciously in terms of corrosion resistance in the presence  
of potassium.
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