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Full Length Article 

The effect of Cl, Br, and F on high-temperature corrosion of 
heat-transfer alloys 

J.-E. Eriksson a,*, J. Lehmusto a, M. Dirbeba a, L. Silvander a, D. Lindberg b, L. Hupa a 
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A B S T R A C T   

The impact of small alkali halide additions on the melting behavior and corrosivity of a synthetic sulfate deposit 
at 500, 550, and 600 ◦C was investigated. Three differently alloyed commercial heat-transfer materials; low- 
alloyed 10CrMo9-10, stainless AISI 347, and high-alloyed Sanicro 28, were studied. The samples were 
exposed for 168 h in a tube furnace to a K2SO4 + Na2SO4 mixture containing 0.85 mol% KCl, KBr, or KF. The 
extent of material degradation was determined by weight loss measurements, while the morphology, thickness, 
and composition of the formed oxide scale were characterized with SEM-EDS. Additionally, the melting behavior 
of the mixtures was studied with TG-DTA. It could be concluded that already small amounts of reactive alkali 
halides in an otherwise inert K2SO4 + Na2SO4 mixture change significantly the corrosion and melting behavior of 
the mixture.   

1. Introduction 

The strive for more sustainable utilization of waste-derived power 
production keeps the interest in biomass and municipal solid waste 
growing. When addressing biomass such as forest or agricultural resi
dues, they can be considered CO2-neutral fuels, because the same 
amount of CO2 is consumed in photosynthesis during the growth of 
biomass as is released through combustion. Furthermore, power pro
duction through waste combustion provides a noteworthy alternative 
for landfilling, which has become chargeable in EU countries and 
therefore, a cost issue. However, to be a realistic and noteworthy 
alternative to fossil fuels, the steam temperatures in waste-fired power 
plants have to be sufficiently high. As a rule of thumb, it can be said that 
every 10 ◦C rise in the steam temperature results in an approximate 
increase of 2 % in power production efficiency [1,2]. The maximal steam 
temperature is dictated mainly by the chemical composition of the 
combusted fuel: steam temperatures above 600 ◦C are applied in boilers 
fired with coal and gas whereas firing lower-grade fuels like biomass and 
waste requires significantly lower steam temperatures (around 500 ◦C). 
The main reason for these lower steam temperatures is the presence of 
corrosive species in biomass and waste. After being released in com
bustion, these species may interact with various heat-transfer surfaces, 
resulting in material degradation, whose severity is dependent on the 

material surface temperature. To slow down or reduce corrosion, power 
plants using biomass and/or waste as fuel have been forced to operate at 
lower steam temperatures, which reduces power production efficiency. 
Therefore, more efficient ways to prevent corrosion are needed, so that 
power plants using biomass and waste-derived fuels can operate at 
higher steam temperatures. 

Since the chemical composition of waste may vary greatly, the type 
and amount of corrosive species depend on the source of the waste, but 
alkali halides are generally considered to be among the most aggressive 
species. Regarding biomass, potassium (to some extent, also sodium) 
and chlorine have been identified as the main cause of high-temperature 
corrosion, mainly in the form of potassium (KCl) or sodium chloride 
(NaCl) [i.a. 3–6]. New alternatives for renewable fuels have emerged on 
the side of biomass-based fuels, which have been utilized longer in the 
field of power production. Solid recovered fuels (SRFs) are an example 
of these fuels that may contain traces of brominated flame retardants 
(BFR) and/or high-performance plastics known as fluoropolymers which 
can be found in various commodities. Such feedstocks are very hetero
geneous from their chemical composition, containing Pb, Zn, F, and Br, 
for example [7–11]. In addition to potassium and chlorine, these ele
ments are known to create fly ash with a low melting point, making the 
ash more likely to adhere to heat-transfer surfaces, increasing the risk of 
corrosion [1,12,13]. The presence of these elements in current waste- 
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derived fuels generates a new kind of high-temperature chemistry in the 
form of reactions occurring in the deposits forming on the heat-transfer 
surfaces. 

In the case of chromia based alloys, the KCl-induced high-tempera
ture corrosion reaction is considered to initiate, when the protective 
chromia (Cr2O3) layer at the steel surface is destroyed through potas
sium chromate (K2CrO4) formation, resulting in Cr-depletion of the 
surface oxide, making it more prone to further material degradation (Eq. 
1a for dry and 1b for humid conditions) [15]. The few studies addressing 
KBr found it corrosive to various commercial heat-transfer alloys in the 
tested temperature range of 400–600 ◦C [11–14]. The severity of 
corrosion depended on alloy quality, prevailed temperature, and at
mosphere. It was proposed that the reaction between KBr and steel (Eq. 
2a for dry and 2b for humid conditions) proceeds similarly to the KCl- 
induced corrosion. In the equations, only the first reactions with 
K2CrO4 as a solid intermediate have been presented. In other words, the 
presented reactions do not end in the formation of the intermediates but 
continue further. It is also worth mentioning that, based on the Gibbs 
free energy values, the presented reactions are non-spontaneous.  

8KCl(s) + 2Cr2O3(s) + 5O2(g) → 4K2CrO4(s) + 4Cl2(g), ΔG = 281161 J (at 
550 ◦C)                                                                                        (1a)  

8KCl(s) + 2Cr2O3(s) + 3O2(g) + 4H2O(g) → 4K2CrO4(s) + 8HCl(g), ΔG =
293184 J (at 550 ◦C)                                                                      (1b)  

8KBr(s) + 2Cr2O3(s) + 5O2(g) → 4K2CrO4(s) + 4Br2(g), ΔG = 77184 J (at 
550 ◦C)                                                                                        (2a)  

8KBr(s) + 2Cr2O3(s) + 3O2(g) + 4H2O(g) → 4K2CrO4(s) + 8HBr(g), ΔG =
409684 J (at 550 ◦C)                                                                      (2b) 

Since the chemical compositions of waste-derived fuels are becoming 
more complex, information about the synergistic effect of alkali halides 
and other common species in deposits is needed. Although the possible 
corrosivity of alkali halides other than KCl has been identified [16] only 
a few studies are addressing the corrosive properties of KBr and KF 
[11,14] In these studies, the corrosive effect of pure alkali halides was 
investigated, but since the amount of especially bromine and fluorine in 
waste fuels is usually low, it is not yet fully understood how the rela
tively small amounts of these impurities can dramatically change the 
oxidation behavior of the heat-transfer materials. Therefore, more in
formation is needed about the potential role of small alkali halide 
amounts in melt formation and reaction mechanics regarding high- 
temperature corrosion under conditions relevant to biomass and waste 
combustion. 

The study contained two main goals: i) to shed more light on the 
high-temperature corrosion behavior of three halogens found in 
anthropogenic waste and ii) to study the possible correlation between 
mass loss and the oxide layer thickness of each alloy. The goals were 
addressed by adding small amounts of alkali halides to a carrier salt. The 
carrier salt consisted of K2SO4 and Na2SO4 and was chosen because it is 
known to be non-corrosive at studied temperatures. By doing so, the 
effect of the small addition of each alkali halide both in corrosivity and 
melting behavior could be pointed out. To better understand the po
tential role of sulfates in melt formation and in reaction mechanics, the 
new results were also compared with results from a similar study carried 
out with pure alkali halides. Furthermore, the current understanding of 
the melting behavior of alkali halogen-sulfate mixtures is 
complemented. 

2. Materials and methods 

2.1. Materials 

The heat-transfer materials chosen for the experiments were 
austenitic stainless steels AISI 347 and Sanicro 28, and a ferritic steel 

10CrMo9-10. All tested materials were commercial and delivered by 
different Finnish boiler manufacturers. The nominal elemental compo
sitions of the studied materials are presented in Table 1. 

The sample pieces were pre-treated as described by Skrifvars et al. 
[5]. For every experiment, two pieces of each steel were cut to ~ 20 ×
20 mm pieces with a thickness of ~ 5 mm and polished with gradually 
finer SiC papers. The final touch was made with grit 500 SiC paper using 
ethanol. Then, the pieces were pre-oxidized in the air at 200 ◦C for 24 h. 
The mild pre-oxidation ensures that the surface is smooth and in a 
reproducible state at the beginning of each experiment. With the studied 
steels, the oxide thickness after the applied pre-oxidation is 20 nm at 
most [17], so its share of the final oxide thickness after a 168-hour 
experiment at 500 ◦C and above can be considered negligible. After 
pre-oxidation, one sample of each steel for every experiment was 
weighed 3 times using a Mettler AJ150 scale and the average value was 
recorded. 

2.2. Salt mixtures 

Four different salt mixtures were tested. A pure mixture of K2SO4 +

Na2SO4 was used as a carrier and a reference mixture. The three halo
gens, Cl, Br, or F were added to the carrier as potassium halides in 0.85 
mol% mixtures. After the potassium halide addition, the salt mixture 
was molten to ensure homogeneity, cooled, molten again, and finally 
ground and sieved to a fraction of 32–100 µm. 

The melting behavior of each mixture was studied with a Simulta
neous Thermal Analyzer (DSC-TG, TA Instruments SDT Q600) by heat
ing the sample in N2 (flow rate 100mlmin−1) up to 600 ◦C (K2SO4 +

Na2SO4 + KBr and K2SO4 + Na2SO4 + KCl), 750 ◦C (K2SO4 + Na2SO4 +

KF), or 900 ◦C (K2SO4 + Na2SO4). 

2.3. High-temperature corrosion experiments 

The corrosion experiments for each studied salt mixture were carried 
out separately at three different temperatures, i.e., 500, 550, and 600 ◦C. 
Two pieces of each material were simultaneously exposed in a hori
zontal Carbolite tube furnace equipped with an inner alumina tube. A 
gas-tight quartz tube with gas inlets and outlets was inserted inside the 
inner alumina tube. This setup enabled controlled atmospheres in the 
tube reactor. (Fig. 1). With all experiments, a gas flow rate of 0.2 l/min 
at NTP was used. 

Before the furnace exposures, 0.250 g of salt was placed on the 
surface of each sample using a mold. The samples were then inserted 
into the furnace on a sample holder at room temperature. During the 
exposures, the temperature was monitored with thermocouples attached 
to the sample holder, and sample temperatures were maintained within 
± 2 ◦C from the target temperature. The heating was carried out at a rate 
of 8 ◦Cmin−1 and an N2 flow of 0.5 lmin−1 was used to ensure an inert 
atmosphere before reaching the target temperature. Once the target 
temperature was reached, nitrogen was replaced by an airflow of 0.2 
lmin−1. The exposure time at the target temperature was 168 h, after 
which the furnace was shut off and cooled to room temperature in an N2 
flow of 0.5 lmin−1. 

Table 1 
Nominal composition (wt%) of the tested heat-transfer materials. Only the main 
components are listed.   

10CrMo9-10 AISI347 Sanicro28 

Fe 95,96 68,74 36,11 
Cr 2,24 18,08 27,36 
Mo 1,00   
Mn 0,45 0,92 1,15 
Si 0,25 0,46 0,46 
Ni  10,92 31,38 
C 0,07 0,04 0,01  
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2.4. Analyses 

After the furnace exposures, one sample of each material was pre
pared for material loss measurements and the other for measuring and 
characterizing the formed corrosion oxide scale. 

The salt deposit was removed from the mass-loss samples, which 
were then washed in 20 ml reverse osmosis water using an ultrasound 
bath (Pro’s Kit SS802) for 180 s. The samples were then dried and 
washed again using 20 ml 1 M HCl and ultrasound for 180 s. Finally, the 
samples were rinsed with distilled water and dried. After drying in a 
desiccator for 24 h, the samples were weighed three times. The material 
loss [mgcm−2] was weighed and the thickness of the lost material [µm] 
was evaluated on the grounds of estimated density and the corroded 
surface area of the sample. The procedure will be addressed in greater 
detail in Sub-chapter 3.1. 

Regarding the samples to be analyzed with SEM-EDS, a small amount 
of epoxy resin was put over the samples to hold the deposit in place and 
left to harden overnight. Next, the samples were cast in a chlorine-free 
epoxy resin and left to harden for 12 h. Then, the epoxy-embedded 
pieces were cut with a precision saw to expose the cross-sectional sur
face. The surface was polished and carbon-coated for SEM imaging and 
EDS analyses. The imaging of the cross-section was done with a scanning 
electron microscope equipped with an energy-dispersive X-ray (SEM- 
EDXA, Leo 1530 Gemini, Thermo Scientific UltraDry SDD X-ray detec
tor). The EDS analyses were performed with a high-resolution FE-SEM 
(Thermo Scientific Apreo S), coupled with an energy-dispersive X-ray 
spectroscope (Oxford Instruments Ultim Max 100). The microscope was 
operated at an accelerating voltage of 20 kV. 

The thickness of the formed corrosion oxide layer was determined by 
measuring the layer thickness in the SEM image from 20 separate places. 
The mean oxide layer thickness and standard deviation were calculated 
from these measurements. 

2.5. Thermodynamic calculations 

The melting behavior of the different salt mixtures was calculated 
using the thermodynamic software package Factsage, version 8.2. [18]. 
The thermodynamic data used for the calculations were then taken from 
the Fact Pure Substance (FactPS) database for stoichiometric com
pounds, as well as from the FTSalt database. The thermodynamic 
database for the molten salts considered alkali sulfates, chlorides, bro
mides, and fluorides, as well as the corresponding iron (II) salts (FeSO4, 
FeCl2, FeBr2, FeF2). 

Two types of calculations were performed: a) melting behavior of the 
different alkali sulfate-halide mixtures as a function of temperature, and 
b) melting of the alkali salt mixtures at constant temperature (500, 550, 
600 ◦C) when the corresponding iron halide is added to the mixture. 

3. Results and discussion 

3.1. Weight change and oxide thickness measurements 

The oxidation rates of steels can be evaluated qualitatively compared 

with one another by measuring the sample’s mass change [19] or the 
thickening of the oxide layer [20]. The thickness of the oxide layer has 
been reported to be proportional to the mass loss of the steel [i.a. 21]. 
Typically in cases with iron- and chromium-based alloys, the rate of 
corrosion is controlled by the diffusion of gaseous species through the 
oxide layer and follows the parabolic rate law [20]. However, it is 
known that both the temperature and the composition of the steel affect 
the details of the time-dependent corrosion of different steels 
[6,12,22–25]. In general, the rate of corrosion increases with increasing 
temperature, but again, the magnitude of the change depends on the 
composition of the steel [6,22,24–28]. The corrosion behavior of steel 
can change dramatically as a function of temperature even at tempera
tures below the melting point of the salt. Interestingly, the temperature 
affects not only the magnitude of corrosion, but also the type of degra
dation, e.g., metal loss, irregularities at the oxide/metal interface, and 
the depth of internal attack [28]. All the measured and calculated results 
addressing the mass change and oxide thickness are presented in 
Table 2. For the samples with either an oxide thickness or mass change 
below the detection limit, the term nd (not detected) has been given in 
the table. These samples are also not further discussed in the paper. On a 
qualitative level, the trend in mass loss correlates fairly well with the 
trend in oxide thickness. For example, with the K2SO4 + Na2SO4 + KBr 
mixture, both the mass loss and oxide thickness increase as functions of 
temperature. Similarly, when comparing the three studied alloys with 
one another, the general trend in increasing mass loss and oxide thick
ness is Sanicro < AISI 347 < 10CrMo9-10. When noticing the amount of 
chromium and nickel, two key elements in terms of corrosion resistance, 
in the alloys, this is an expected result. However, the relative difference 
between the two samples depends on the mass loss or oxide thickness 
which has been measured. For example, with the K2SO4 + Na2SO4 + KCl 
mixture, the measured mass loss of the 10CrMo9-10 at 550 ◦C is around 
7.5 times higher than at 500 ◦C. The ratio is only around 2, when 
measured from the oxide thickness. This indicates that the qualitative 
correlation between the two different estimation methods is good, but 
finding a quantitative correlation might not be straightforward. 

3.2. Material loss 

The material loss [mgcm−2] was calculated as an average for the top 
area of the sample (20x20mm) since the corrosion seemed to be quite 
uniform over the top area. The biggest material loss compared to the 
reference salt was measured for the 10CrMo9-10 steel at 550 ◦C with 
K2SO4 + Na2SO4 + KCl salt and was roughly 20 times bigger than what 
was caused by the halide-free reference salt. The second largest material 
loss, roughly 10 times bigger compared to that induced by the reference 
salt, was caused by the K2SO4 + Na2SO4 + KBr salt at both 550 ◦C and 
600 ◦C. The mass losses measured for the K2SO4 + Na2SO4 + KF salt 
were close to those measured for the reference salt in all tested tem
peratures. When comparing the three studied materials, the mass loss 
increased, as expected, in series Sanicro 28 < AISI 347 < 10CrMo9-10 
and with increasing temperatures of 500 ◦C < 550 ◦C < 600 ◦C. 

Starting from the weighed [mg] and calculated [mgcm−2] material, 
the amount of metal [µm] that had been oxidized and thereby removed 

Fig. 1. Schematics of the quartz reactor used in experiments.  
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in the etching process was also roughly estimated. This was carried out 
by first recording the mass loss of the sample and then calculating the 
material loss on the grounds of the density of the alloy and the volume of 
the removed material. It should be noted that the two values; metal loss 
and oxide thickness, do not match numerically. However, the idea was 
to measure the extent of corrosion in two different ways and see if the 
results show similar trends with both approaches. The comparison be
tween the estimated oxidized metal and the measured corrosion oxide 
thickness for KCl and KBr of all materials at all temperatures is shown in 
Table 2 and Fig. 2. Unlike Table 2 which presented the entire test matrix, 
Fig. 2 summarizes only the cases where material loss and/or oxide 
thickness was measurable. It can be seen that the material loss follows 
the trend as expected: it increases as a function of temperature and is 
inversely proportional to the alloying degree. Furthermore, the 

calculated material loss corresponds well with the oxide layer thickness 
measured from the SEM images. The higher values of the measured 
thicknesses compared to the calculated loss can be contributed to the 
high porosity of the formed oxide layer, especially at low temperatures. 
The morphologies and compositions of the formed oxides will be dis
cussed later in the text. 

3.3. Oxide layer composition and thickness 

Generally, as seen in Fig. 2, the thickness of the corrosion oxide scale 
increased in lower-alloyed materials and as a function of temperature. 
Depending on the studied material and temperature, the structure of the 
scale varied from a thin monoscale to a multi-layered scale. The multi- 
layered scales were detected only with the 10CrMo9-10 alloy (Fig. 3). 

Table 2 
Measured and calculated test results of all samples, temperatures, and salt mixtures.  

Salt Sample Measured mass loss [mgcm−2] Calculated material loss [µm] Measured oxide thickness [µm]   

500 ◦C 550 ◦C 600 ◦C 500 ◦C 550 ◦C 600 ◦C 500 ◦C 550 ◦C 600 ◦C 

K2SO4 Na2SO4 10CrMo9-10 7,0 5,3 15,4 8,8 6,7 19,3 8,7 5,7 12,0 
AISI 347 nd nd nd nd nd nd nd nd nd 
Sanicro28 nd nd nd nd nd nd nd nd nd  

K2SO4 Na2SO4 KCl 10CrMo9-10 14,3 106,6 101,1 17,9 133,3 126,4 67,7 130,0 115,7 
AISI 347 0,6 31,5 52,9 0,7 39,4 66,1 11,0 31,6 120,0 
Sanicro28 nd 14,3 25,0 nd 17,9 31,2 nd 30,0 25,8  

K2SO4 Na2SO4 KBr 10CrMo9-10 10,0 45,3 128,5 12,5 56,6 160,6 33,6 110,0 130,0 
AISI 347 0,8 3,3 27,8 1,0 4,2 34,8 2,6 8,2 29,1 
Sanicro28 nd 0,7 3,0 nd 0,8 3,7 nd 3,1 5,6  

K2SO4 Na2SO4 KF 10CrMo9-10 6,4 8,0 15,7 8,0 10,0 19,6 4,8 10,7 35,1 
AISI 347 nd 0,6 0,4 nd 0,7 0,5 nd 6,7 5,5 
Sanicro28 nd 0,5 nd nd 0,6 nd nd nd nd 

nd = not detected. 

Fig. 2. Measured oxide thickness [µm] (from SEM images) and estimated material loss [µm] (from weight loss) of the samples exposed at 500, 550, and 600 ◦C 
exposed for 168 h to the mixtures containing either KCl or KBr. The labels A, B, and C stand for 10CrMo9-10, AISI347, and Sanicro28, respectively. 
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3.3.1. 10CrMo9-10 
At 500 ◦C, the lowest test temperature, the layer thicknesses could be 

measured only for 10CrMo9-10 with every salt mixture. Interestingly, 
the oxide structure was different in samples exposed to the reference salt 
or KF than in samples exposed to KCl or KBr. With the two first salts, the 
oxide consisted of one layer (≈ 9 µm and 5 µm) for the reference salt and 
the K2SO4 + Na2SO4 + KF salt), whereas a multilayered oxide formed in 
the presence of the two latter salts (≈ 68 µm for the K2SO4 + Na2SO4 +

KCl salt; ≈ 34 µm for the K2SO4 + Na2SO4 + KBr salt) (Figs. 2 and 3). 
At 550 ◦C, the oxide structure was again different in samples exposed 

to the reference salt or KF than in samples exposed to KCl or KBr. With 
the two first salts, the oxide consisted of one layer (≈ 6 µm for the 
reference salt; ≈ 11 µm for the K2SO4 + Na2SO4 + KF salt), whereas a 
multilayered oxide formed in the presence of the two latter salts (≈ 130 
µm for the K2SO4 + Na2SO4 + KCl salt; ≈ 110 µm for the K2SO4 +

Na2SO4 + KBr salt) (Figs. 3 and 4). In the case of KCl, separate layers had 
already started to grow together, forming a thick and more uniform 
oxide scale. The formation of a multilayered corrosion oxide on low- 
alloyed steel has been reported earlier [29–31] and is most likely 
related to iron chloride/bromide (FeClx/FeBrx) formation. As potassium 
halide reacts with iron, the halide is released and it reacts with iron, 

forming a solid iron halide, which then easily vaporizes due to its high 
vapor pressure at 550 ◦C. As the gaseous iron halide diffuses toward a 
higher oxygen partial pressure, it will oxidize rapidly, and in the case of 
an unlimited supply of the halide, the reaction described above will 
repeat itself, resulting in a multilayered structure. 

At 600 ◦C, a thin monolayer (~12 µm) formed in the presence of the 
reference salt, but the KF addition resulted in a thicker scale (35 µm). 
KCl and KBr both induced the growth of a thick and more uniform scale 
with thicknesses of 116 µm and 130 µm, respectively. 

3.3.2. Aisi 347 
At 500 ◦C, no measurable oxide formed on the AISI 347 sample 

beneath the reference salt or the K2SO4 + Na2SO4 + KF salt. In the case 
of the K2SO4 + Na2SO4 + KCl and K2SO4 + Na2SO4 + KBr salts, oxide 
layers of ≈ 11 and 3 µm formed, respectively. 

At 550 ◦C, no measurable oxide formed on the AISI 347 sample 
beneath the reference salt, and only a thin oxide (≈ 7 µm) formed 
beneath the K2SO4 + Na2SO4 + KF salt. In the case of the K2SO4 +

Na2SO4 + KCl and K2SO4 + Na2SO4 + KBr salts, oxide layers of ≈ 32 µm 
and ≈ 8 µm formed, respectively. Additionally, signs of salt particle 
sintering, such as rounding of sharp edges and bridging of the salt 

Fig. 3. Cross-sectional SEM images of 10CrMo9-10 steel in the presence of all the tested salts and at all temperatures. The temperature and salt mixture are indicated 
in the image. The magnification is the same for all images; the scalebar is seen in the first image. 

Fig. 4. Examples of 10CrMo9-10 steel exposed at 550 ◦C with a single-layered oxide formed in the presence of the reference K2SO4 + Na2SO4 salt (a) and a multi- 
layered oxide formed in the presence of the K2SO4 + Na2SO4 + KBr salt (b). 
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particles were observed: in the case of the K2SO4 + Na2SO4 + KBr, the 
salt particles had sintered to some extent, whereas the sintering was 
more pronounced among the K2SO4 + Na2SO4 + KCl salt particles. At 
600 ◦C, the reference salt induced none and KF a thin scale with a 
thickness of ~ 6 µm. Similar to 550 ◦C, KCl and KBr induced thicker 
oxide layers of 120 µm and 29 µm, respectively. Significant sintering was 
also observed in the particles of both salt mixtures. 

3.3.3. Sanicro 28 
At 500 ◦C, no measurable oxide formed on the Sanicro 28 sample 

beneath any salt or at 550 ◦C in the cases with the reference salt or the 
K2SO4 + Na2SO4 + KF salt. A very thin oxide scale with a uniform 
thickness of <5 µm formed in the presence of the K2SO4 + Na2SO4 + KBr 
salt. Similar to the AISI 347 steel under the same conditions, the salt 
particles had sintered to some extent. The reaction with the K2SO4 +

Na2SO4 + KCl salt was more pronounced: the formed oxide was clearly 
thicker, and the thickness varied greatly (Fig. 5). The large thickness 
variation made it challenging to estimate the oxide scale thickness, 
which was below 5 µm at its thinnest (Spot A in Fig. 5) and above 80 µm 
in the thickest regions (Spot B in Fig. 5). Average thickness was 30 µm. 
Minor signs of sintering were observed between the K2SO4 + Na2SO4 +

KBr salt particles, whereas sintering was more pronounced between the 
K2SO4 + Na2SO4 + KCl salt particles, which can be seen in Fig. 5. At 
600 ◦C, no measurable oxide layer was detected beneath the reference 
salt and in the presence of the K2SO4 + Na2SO4 + KF salt. For the K2SO4 
+ Na2SO4 + KCl salt, a thicker oxide (26 µm) formed, whereas, in the 
presence of the K2SO4 + Na2SO4 + KBr salt, a thin oxide (6 µm) was 
measured. 

3.3.4. Remarks on the results 
Among the studied heat-transfer materials, a thinner oxide indicates 

better corrosion resistance, which can be attributed to the chromium 
content of the alloy. Steels with high chromium content usually exhibit 
good oxidation resistance, and severe corrosion is avoided as long as 

selective oxidation of chromium is maintained. For the growth of the 
protective oxide layer to be maintained, the steel must be able to supply 
chromium from the bulk steel at a rate sufficient to balance the rate at 
which chromium is consumed in forming new oxide [32]. The chromium 
supply takes place via temperature-dependent diffusion along the grain 
boundaries, so the chromium concentration in the oxide increases with 
temperature. This means that the ability of a steel to resist uncontrolled 
oxidation depends on the concentration of chromium in the steel, the 
bulk diffusivity of chromium in the steel, and the grain size in the steel 
[33]. 

3.4. Melting behavior of the studied salts 

When estimated with both applied methods (mass loss vs. oxide 
thickness), the corrosivity of the studied salts grew in series K2SO4 +

Na2SO4 + KF < K2SO4 + Na2SO4 + KBr < K2SO4 + Na2SO4 + KCl. When 
studied as pure halides, KF was found to be the most corrosive before KCl 
and KBr [11]. The reason for the different order in corrosivity cannot be 
unambiguously explained within the frames of the current study, but the 
higher reactivity of the K2SO4 + Na2SO4 + KBr and K2SO4 + Na2SO4 +

KCl salts could originate from the fact that the first melting temperature 
(T0) of these salts is below 550 ◦C, while it is above 680 ◦C for K2SO4 +

Na2SO4 + KF (Fig. 6). The predicted and measured solidus temperatures 
or first melting temperatures (T0) are listed in Table 3. The melt for
mation caused by only a 0.85 mol% addition of KCl or KBr could explain 
the higher reactivity of these two salts. This observation emphasizes 
nicely how important the knowledge of the melting behavior of genuine 
deposits on heat-transfer surfaces is when the corrosivity of such de
posits is under investigation. Furthermore, when mixed with KCl 
(melting point 770 ◦C), iron chloride lowers the T0 close to 350 ◦C 
[34,35]. When FeCl2 or FeBr2 forms in a reaction between the steel and 
alkali halide, it can further dramatically lower the T0 of a KCl-containing 
deposit locally, thus initiating more severe corrosion through melt for
mation at temperatures lower than maybe expected. Furthermore, as 

Fig. 5. A cross-sectional SEM image of Sanicro 28 sample exposed at 550 ◦C to the salt mixture containing KCl. The thin (A) and thick (B) regions of the formed oxide 
scale as well as areas with iron oxide (yellow arrows) inside the sintered salt have been indicated in the figure. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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shown with the thermodynamic calculations, the formation of very 
small amounts of FeCl2 and FeBr2 is already enough for melt formation 
at temperatures as low as 500 ◦C (Fig. 7). For the effect of iron halide 
addition, the chloride- and bromide-containing mixtures were predicted 
to melt to a larger extent if the corresponding iron halide content is 
increased, whereas no effect of FeF2 was predicted on the melting 
behavior at the studied temperatures. 

3.5. Effect of salt mixtures 

3.5.1. Reference K2SO4 + Na2SO4 salt 
A very thin oxide scale with an outer iron oxide and an inner oxide 

layer of iron together with a chromium content higher than in the 
unreacted alloy formed on 10CrMo9-10 at 550 ◦C and 600 ◦C. At 600 ◦C, 
a thin duplex-structured oxide layer with an iron-rich outer and an inner 
iron-chromium spinel (FeCr2O4) layer formed on AISI 347. However, the 
oxide formation did not originate from the sulfate salt, since these alloys 
are known to oxidize at studied temperatures [36]. The duplex structure 
of the oxide originates from the faster diffusion of iron outwards, 
resulting in an iron-rich oxide scale at the surface, while chromium is 
oxidized underneath this scale by the inward diffusion of oxygen. 

3.5.2. The effect of fluorine 
Although the addition of KF did not result in higher mass losses or 

thicker oxides than in the case with the reference salt, a few interesting 
features originated from the presence of KF. A structurally similar thin 
oxide scale formed on all three studied materials at 600 ◦C. In the case of 
the two higher-alloyed materials (AISI 347 and Sanicro 28), an iron-rich 
outer and an inner FeCr2O4 layer formed, whereas the inner iron oxide 
layer of the lower-alloyed 10CrMo9-10 was chromium-rich only when 
compared with the unreacted bulk material. Interestingly, iron, most 
likely as iron oxide, was identified around the salt particles closest to the 

formed oxide (Fig. 8). Furthermore, minor signs of salt particle sintering 
were observed visually with rounding of sharp edges and bridging be
tween particles. The signs of sintering and the presence of iron around 
the salt particles suggest the formation of a volatile iron compound. 
However, iron fluorides FeF2 and FeF3 require quite high temperatures 
to reach significant vapor pressures [37]. Since iron was detected only 
on salt particles, which were in physical contact with the oxide scale, 
another option for the transport mechanism of iron could be iron fluo
ride migration by the capillary effect without the formation of gaseous 
species containing iron. Traces of fluorine and initial signs of grain 
boundary attack (not shown here) were detected beneath the oxide 
formed on the alloy Sanicro 28. The presence of grain boundary attack 
and fluorine at the scale/alloy interface has been reported earlier to 
occur in experiments with pure KF [11]. 

Although the authors could not find Gibbs free energy of formation 
for FeF3, when Fe reacts with KF, it has been reported that FeF3 forms 
when F2 reacts with either Fe or Fe2O3 [38,39]. Another suggested F- 
containing species, which could have formed, is chromium fluoride 
[11]. Regardless of the small amount of KF present in the current study, 
the similarities with the samples exposed previously to pure KF at the 
same temperatures [11]. suggest that the corrosion mechanism was the 
same in both studies and that material degradation was initiated by the 
presence of KF. 

3.5.3. The effect of bromine 
The addition of Br to the reference salt clearly changed the scale 

morphology in the case of alloy 10CrMo9-10. Several separate oxide 
layers formed at 500 ◦C and 550 ◦C, while a more contiguous scale 
formed at 600 ◦C. Including every separate layer, the oxide consisted of 
an iron-rich outer and a chromium-rich (when compared to the sur
roundings) inner layer. Iron oxide was found around the salt particles 
closest to the steel surface at all tested temperatures. Furthermore, 
traces of Br and S were detected underneath the oxide scale formed at 
600 ◦C. In the cases with the higher-alloyed materials AISI 347 and 
Sanicro 28, the oxide scale consisted of an iron-rich outer and a 
chromium-rich inner layer. This duplex layer originates from the high 
solubility of iron in Cr2O3, which permits the outward diffusion of iron 
and the formation of the outermost iron-rich oxide layer. Again, iron 
oxide was found around the salt particles closest to the steel surface, in 
addition to which traces of S were detected underneath the oxide scale 
together with a Ni-rich zone (Fig. 9). Furthermore, at 600 ◦C, pits with 
Fe/Cr oxides and Ni enriched at the pit edges were detected in the alloy 

Fig. 6. The calculated melt fractions for the studied salt mixtures as functions of temperature.  

Table 3 
The predicted and measured solidus temperatures or first melting temperatures 
(T0) of the studied salt mixtures.  

Salt T0 calc [◦C] T0 meas [◦C] 

K2SO4 + Na2SO4 834 838 
K2SO4 + Na2SO4 + KCl 537 524 
K2SO4 + Na2SO4 + KBr 541 549 
K2SO4 + Na2SO4 + KF 686 698  
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Fig. 7. The calculated melt fractions for the iron halides in the salt mixtures as functions of a mass fraction.  

Fig. 8. SEM-EDS elemental maps for alloy 10CrMo9-10 exposed for 168 h at 600 ◦C in the presence of the K2SO4 + Na2SO4 + KF salt.  
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AISI 347, but there was no evidence of S or Br in the pits. 
At the studied temperature range, a uniform oxide scale forms on the 

steel 10CrMo9-10 in the absence of salt [36]. The observed multilayered 
scales suggest that KBr plays a role in alloy oxidation. Keeping in mind 
the high Fe concentration of 10CrMo9-10, bromine reacted, most likely 
rather as a bromide ion than molecular bromine gas, with iron in the 
uppermost layers of the steel, forming iron bromides (FeBrx). In the 
presence of either KBr [31] or gaseous bromine [40], iron bromides have 
been identified to have formed in iron-based steels at the oxide/alloy 
interface at 550 ◦C and 700 ◦C. However, iron bromide is not stable, but 
oxidizes due to the high enough oxygen partial pressure. The rapid 
oxidation resulted in porous oxide layers, which could not prevent 
additional bromine to pass through the layers. Beneath these layers, the 
oxygen partial pressure was presumably low enough for iron bromide 
formation and as the formed iron bromides volatilized toward higher 
oxygen partial pressures, new thin iron oxide layers formed, explaining 
the multilayered oxide structure imaged in Fig. 4b. The bromine 
detected beneath the formed oxide at 600 ◦C further supports the idea of 
accelerated oxidation through metal bromide formation. 

In principle, the reaction mechanism between KBr and one of the 
higher-alloyed materials is the same as in the case with 10CrMo9-10, but 
due to the higher chromium content, the formation of Cr-containing 
intermediates such as potassium chromate (K2CrO4) and chromium 
bromides (CrBrx) cannot be excluded. Since the standard enthalpies of 
formation for iron and chromium bromides are very close to one another 
[41], it is difficult to estimate whether only one or both bromides 
formed. However, the higher vapor pressure of FeBrx at the studied 
temperatures [37] and the formation of iron oxide around the salt par
ticles suggest that iron bromide has been the main intermediate. At a 
slightly higher temperature (700 ◦C), when FeCr- and FeNi-based com
mercial alloys were exposed to a Br-containing gas, FeBr3 was reported 
to form first at the steel/oxide interface, followed by the formation of 

FeBr2, CrBr3, and NiBr2 [40]. In the present study, the Ni enrichment at 
the scale/alloy interface suggests the selective bromination/oxidation of 
iron and chromium. In the case of alloys rich in chromium, potassium 
from KBr can react with chromium, forming K2CrO4, which reacts 
further to non-protective chromium oxide [31]. The formation of 
K2CrO4 will slowly deplete the region beneath the oxide scale in chro
mium and when no chromium can diffuse toward the alloy surface to 
replace the oxidized chromium, the alloy can no longer form a protective 
oxide, resulting in breakaway oxidation. Since the added amount of KBr 
in the present study was small, the formation of K2CrO4 could not be 
unambiguously verified. However, the formation of K2CrO4 should be 
kept in mind when mechanisms for material degradation are considered. 

3.5.4. The effect of chlorine 
In terms of chemical compositions, the addition of Cl to the reference 

salt resulted in similar scale structures as in the case of the Br addition. 
The multilayered scale formed on steel 10CrMo9-10 at all tested tem
peratures consisted mainly of iron with traces of chromium on the alloy 
side of each oxide layer. Furthermore, Cl with no K was detected un
derneath the oxide layer closest to the alloy surface. The multilayered 
structure together with Cl at the scale/alloy interface suggests that the 
reaction mechanism has been analogous to that with the KBr addition. 
Since the iron content of the steel was high and the vapor pressure of 
iron chloride (FeClx) sufficient, volatilizing iron chlorides formed at low 
oxygen partial pressures were stable and diffused outward, oxidizing 
either at the scale surface or onto the salt particles closest to the alloy 
surface. As the formed oxide layers did not provide any protection to the 
underlying steel and due to the chlorine reservoir in the salt mixture, 
chlorine diffused over and over again to the alloy surface, where it 
reacted repeatedly forming first volatilizing iron chlorides and, after 
having diffused outward, iron oxide layers. 

An oxide scale with an iron-rich outer part and a chromium-rich 

Fig. 9. SEM-EDS elemental maps for alloy AISI 347 exposed for 168 h at 550 ◦C in the presence of the K2SO4 + Na2SO4 + KBr salt.  
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inner part formed on the two higher-alloyed materials. The structure can 
partly be explained by the higher diffusivity of iron compared to that of 
chromium in an FeCr steel [42], resulting in faster iron transportation 
towards the steel surface, where the oxide scale forms. Since Fe2O3 and 
Cr2O3 are structurally isotypic and the spinel-type Fe3O4 dissolves 
chromium forming a mixed spinel FeCr2O4 [43], it was not possible to 
differentiate these oxides from one another in this study. However, iron 
oxide was identified around the salt particles closest to the sample sur
face, indicating outward diffusion of iron, most likely as volatile iron 
chloride. As mentioned before, the oxidation of iron chloride is rapid, 
resulting in a porous oxide scale, which cannot prevent the trans
portation of reactive species to the alloy surface and away from it. 
Chlorine was again found underneath the formed oxide, further sup
porting the active role of chlorine in material degradation. Nickel 
remained immobile and was found enriched in the region beneath the 
scale/alloy interface (Fig. 10). Similarly, to the reactions with KBr, Cr- 
containing alloys have been reported to form K2CrO4 in reactions with 
KCl [e.g. 44]. Chromate formation will deplete the protective oxide in 
chromium, which will eventually lead to faster chlorine penetration 
through the oxide scale and through that, accelerated corrosion. 

In addition to chlorine, sulfur was identified beneath the formed 
oxide, where it diffused through the porous scale. At 600 ◦C, sulfur- 
containing molten salt mixtures have been reported to corrode nickel- 
based alloys through nickel sulfate (NiSO4) formation [45]. In the pre
sent study, the sintering of the particles and formation of low-melting 
metal chlorides have established conditions, under which sulfur- 
induced corrosion might have occurred to some extent. However, 
corrosion of alloys AISI 347 and Sanicro 28 has mainly originated from 
the interaction between KCl and the studied alloys. 

4. Conclusions 

In this study, the corrosivity of three different salt mixtures (K2SO4 +

Na2SO4 + KBr, K2SO4 + Na2SO4 + KCl, and K2SO4 + Na2SO4 + KF) was 
compared to a halide-free reference carrier in exposures of three com
mercial heat-transfer materials (10CrMo9-10, AISI 347, and Sanicro 28) 
typically used in different parts of a biomass- and/or waste-fired boiler. 
The tube furnace exposures were carried out at 500, 550, and 600 ◦C for 
168 h in a flowing air atmosphere. After the exposure, the mass loss of 
each sample was recorded, and it was compared with the thickness of 
the formed oxide layer. The idea was to explore whether the results from 
two different kinds of corrosion measurement approaches can be 

compared with one another. Based on the results of the study, the 
following conclusions can be made:  

- The corrosivity of the salts increased in order K2SO4 + Na2SO4 + KF 
< K2SO4 + Na2SO4 + KBr < K2SO4 + Na2SO4 + KCl.  

- Regardless of the studied salt, the corrosion resistance of the studied 
alloys grew in series 10CrMo9-10 < AISI 347 < Sanicro 28. This can 
be attributed to the Cr and Ni contents of the alloy; the higher the 
amounts of Cr and Ni in the alloy, the better the corrosion resistance.  

- Already small amounts of corrosive salts in an inert carrier change 
significantly the corrosion and melting behavior of the salt mixture.  

- Such drastic changes in the melting behavior of the deposit can be 
significant in practical applications such as boilers.  
o In this study, a good example is the KF addition, which didn’t 

accelerate corrosion but did influence the migration of iron from 
the steel onto the closest salt particles.  

- On a qualitative level, the same results were obtained with both 
corrosion measurement methods (mass loss vs. oxide thickness). 
However, especially in the case of porous oxides forming as a result 
of metal halide volatilization, caution must be taken when giving 
numeric values for the measured oxide thickness.  

- Material loss experiments give clear and consistent corrosion results 
but during the sample preparation after the exposure, one loses all 
chemical information regarding the corrosion oxide layer. Hence, “a 
double method” (one sample for the mass loss and another one for 
the cross-section analyses) should be considered to regain the 
maximal amount of information. 
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