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A B S T R A C T   

Ferritic alumina-forming alloys showed high corrosion resistance to molten carbonates by forming a protective 
α-LiAlO2 scale at their surface. In this work, four ferritic alumina-forming alloys were pre-oxidised before 
exposure to (Li,Na,K)2CO3-melt at 800 ◦C for 1000 h. Only outer transient alumina, such as γ-alumina, reacts 
with the melt, forming LiAlO2. At the same time, the innermost α-Al2O3 scale remains intact. α-Al2O3, as well as 
α-LiAlO2, are slow-growing compressive stress-stabilised oxide scales. Thus, the combined presence of α-Al2O3/ 
α-LiAlO2 improves the corrosion protection of materials investigated in this study, compared to non-pre-oxidised 
ones, by forming a superior double oxide scale.   

1. Introduction 

Thermal storage by employing molten salt is increasingly considered 
to minimise the time-dependency between energy conversion and uti
lisation for electricity production. In the case of concentrated solar 
power (CSP), for example, the thermal power of solar irradiation heats a 
heat transfer fluid (HTF) for immediate power generation or storage 
(Thermal Energy Storage – TES) for later on-demand electricity pro
duction. Molten salts are deployed as high-temperature HTFs and TES 
materials. Molten nitrates have been widely used as HTF and TES ma
terial for most commercial CSP plants and thermal energy storage in 
general [1]. Despite the International Energy Agency’s goal for 
employing CSP plants to provide 11% of the world’s electricity by 2050 
[2], CSP plants still need to overcome many challenges to compete with 
other technologies [3]. 

The next generation of CSP plants (Gen3) aims to lower its cost per 
kilowatt hour by increasing its efficiency. Among the three proposed 
pathways for meeting the target goal, HTF/TES materials are required to 
collect and store solar energy at temperatures above 700–750 ◦C [4]. A 
commercial solar salt (60 NaNO3:40 KNO3 in wt%) is widely used in the 
currently operated CSP plants. Despite its desirable thermophysical 
properties, such as relatively low melting temperature, high storage 
capacity and thermal conductivity, it is thermally stable only up to 
565 ◦C before decomposition [3,5]. Its limited thermal stability makes it 
necessary to find alternatives that can withstand high operating 

temperatures and function as HTF/TES materials. Among other candi
dates, molten carbonates have a good potential as HTF for Gen3 CSP. 
The ternary mixture of (32.1 Li2CO3, 33.4 Na2CO3 and - 34.5 K2CO3 in 
wt%) has a thermal stability of 670–1000 ◦C depending on the cover gas 
during exposure [5,6]. 

Another essential aspect that must be considered when choosing an 
HTF/ TES material is its compatibility with the metallic components in 
the CSP system. Corrosion-wise molten carbonates can lead to cata
strophic plant failures due to their corrosive nature [7–9]. For the safe 
operation of CSP plants, metallic materials with tailored high corrosion 
resistance must be employed. In addition to utilising other corrosion 
mitigation techniques, such as purification processes for molten salt, 
applying high-temperature protective coatings, or heat treatment as 
pre-oxidation, several studies have been conducted to investigate the 
corrosion behaviour of different alloys [10]. 

A metal alloy is expected to form a thin, slow-growing, and adherent 
oxide scale that acts as a barrier to the environment to achieve accept
able corrosion behaviour. Numerous studies investigated the corrosion 
resistance of different alloys in contact with carbonate melts. Among the 
alloys studied are stainless steels, which form a chromia scale, and 
FeCrAl alloys or aluminide coatings growing an alumina scale [8–16]. 

However, at high temperatures, chromia scales failed to protect 
stainless steel against molten carbonates due to their dissolution by salt 
melts, resulting in internal oxidation and excessive carburisation. By 
contrast, alumina-forming alloys showed excellent corrosion resistance 

* Corresponding author. 
E-mail address: esraah@chalmers.se (E. Hamdy).  

Contents lists available at ScienceDirect 

Corrosion Science 

journal homepage: www.elsevier.com/locate/corsci 

https://doi.org/10.1016/j.corsci.2023.111217 
Received 16 January 2023; Received in revised form 21 April 2023; Accepted 23 April 2023   

mailto:esraah@chalmers.se
www.sciencedirect.com/science/journal/0010938X
https://www.elsevier.com/locate/corsci
https://doi.org/10.1016/j.corsci.2023.111217
https://doi.org/10.1016/j.corsci.2023.111217
https://doi.org/10.1016/j.corsci.2023.111217
http://crossmark.crossref.org/dialog/?doi=10.1016/j.corsci.2023.111217&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Corrosion Science 218 (2023) 111217

2

against carbonate melts up to 800 ◦C [8,17,18]. 
Former studies investigated the interaction of alkali carbonates with 

alumina-forming alloys. It has been reported that lithium ions were the 
predominant and most active alkali species detected in growing oxides 
at high temperatures [8,12,19–21]. Based on the Lux-Flood acid-base 
concept [22,23], a base is an electron pair donor. The carbonate melt is a 
base producing O2- upon decomposition, see Eq.1 [24]: 

CO 2−
3 = acid +O2− (1) 

By arranging individual carbonate salts used in this study based on 
their self-dissociation, Li2CO3 has the highest basicity and activity. The 
dissociation species Li2O also has the lowest solubility in binary alkali- 
carbonate combinations [25,26]. 

In our former work [17], we studied the corrosion behaviour of four 
ferritic alumina-forming alloys in contact with (Li:Na:K)2CO3 at 800 ◦C. 
The main findings showed a promising high corrosion resistance of the 
four selected ferritic alloys for at least a 1000 h exposure. Interestingly, a 
duplex oxide scale has been detected consisting of an inner α-LiAlO2 
scale and outer γ-LiAlO2 crystals. In 1961, Lehmann and Hasselbarth 
published on the solid-state synthesis and characterisation of α- and 
γ-LiAlO2 [27]. Hereby, reactants have been in powder form or supplied 
by the wet chemistry route. Their study investigated different parame
ters and conditions for transforming the two polymorphs. Upon the 
interaction of lithium carbonate with alumina powder, α-LiAlO2 can be 
formed up to 747–777 ◦C before it converts to γ-LiAlO2 [28–31]. 

In 1978, Evans et al. [32], working on zircaloy-1, reported the for
mation of a duplex oxide scale comprised of two zirconia polymorphs. 
Their study proposed that upon compressive stress, a stress-stabilised, 
tetragonal zirconia polymorph emerged at the metal/oxide interface, 
which subsequently relaxed to become a monoclinic lattice. Similarly, 
Byker et al. in 1979 proposed a Pressure-Temperature phase diagram for 
lithium aluminate, showing that the hexagonal α-LiAlO2 phase could 
remain stable at a significantly higher temperature at increased pressure 
compared to its drive for phase transition into γ-LiAlO2 at ambient 
pressure [33]. 

In our previous publication [17], we adopted the stress-stabilised 
concept proposed by Evans et al. and Byker et al. [32,33], where an 
inner oxide layer, α-LiAlO2, could form under compressive stress 
beneath another stress-relieved polymorph, γ-LiAlO2. We concluded 
that the formation and growth of the thermodynamically unfavourable 
α-LiAlO2 at 800 ◦C is due to the widening of the single-phase regime 
under compressive stresses [32–34]. 

Building on our former publication [17], selected ferritic 
alumina-forming alloys were in contact with (Li,Na,K)2CO3-melt at 
800 ◦C. The investigated alloys grew LiAlO2 scales and were categorised 
based on the formation and transformation of α- LiAlO2 to γ-LiAlO2 into 
“normal” and “deviating”. “Normal” behaving alloys developed an α- 
LiAlO2 scale without involving any ternary cationic species from the 
alloy. In contrast, the “deviating” behaving alloys develop a scale 
incorporating at least two cationic species from the bulk alloy. 

In the present study, the same ferritic alumina forming alloys have 
been pre-oxidised in air at 1050 ◦C for 8 h before exposure to (Li:Na: 
K)2CO3 at 800 ◦C. In this case, no direct redox-coupling between the salt 
melt and the metal is expected. The question is whether the melt can 
react efficiently with alumina to arrive over time at the same behaviour 
observed for the non-pre-oxidised alloys, i.e., a slow-growing duplex α- 
and γ-LiAlO2 scale at the alloy surface. 

2. Experimental 

Four ferritic alumina-forming alloys were selected for this study; see 
their nominal composition in Table 1. The four alloys have relatively 
similar aluminium content. Kanthal® APMT differs from Kanthal® AF 
chemical composition in Mo and Mn content. Kanthal® EF100 differ 
from Kanthal® EF101 in silicon content. 

Tested metal coupons with initial measurements of 15 × 15 × 2 mm 
were ground and polished until 1 µm mirror-finished surfaces were ob
tained. Later, coupons were cleaned and dried using acetone and ethanol 
before being immersed in a salt mixture; see details of the corrosion 
testing procedure described in our former publication [35]. 

After cleaning, the polished metal coupons were pre-oxidised at 
1050 ◦C for eight hours in lab air. Pre-oxidation step was conducted in a 
pre-heated standard Nabertherm box furnace LT 5/11. After pre- 
oxidation, samples were removed to air and left to cool to room 
temperature. 

A ternary eutectic mixture of 32.1 wt% Li2CO3, 33.4 wt% Na2CO3 
and - 34.5 wt% K2CO3 was prepared. The Li2CO3 (99.0%), Na2CO3 
(99.9%), and K2CO3 (99.8%) salts were purchased from VWR chemicals, 
EMSURE anhydrous, and ThermoFisher Scientific, respectively. The salt 
mixture preparation procedure and impurities concentrations in each 
salt were summarised in [35]. 

The experimental setup used in this study was built specifically to 
ensure complete immersion of coupons in salt melts during exposures. 
The isothermal corrosion tests were conducted at 800 ± 5 ◦C under 
flowing CO2. Each exposure produced two samples for each tested alloy. 
We assigned one sample for cross-section analysis, while the second was 
dedicated to surface analysis. Exposures were conducted for 500 h and 
1000 h at 800 ◦C. Every 336 h, the experiment was paused and cooled to 
room temperature to refill the crucibles with salt; see [35]. Due to the 
necessity of rinsing the coupons with water after exposure completion 
for mass change measurements, each sample could only be measured 
once. For instance, after a 500 h exposure was completed, two coupons 
were retrieved from the setup for examination while two other samples 
remained until 1000 h had passed. Each weight change curve has four 
exposure time points, and each point has an error bar that is based on a 
minimum of eight measurements. Exposures were repeated at least 
twice. 

2.1. Post-exposure surface analysis 

Treatment of coupons produced from exposures differs based on the 
type of analysis needed. A metal coupon was rinsed with water ac
cording to the standard methods [36] and dedicated to mass change 
measurements, surface morphology investigation and X-ray diffraction 
(XRD) analysis. Samples were rinsed with distilled water at room tem
perature to remove the salt remnants; see the detailed rinsing procedure 
[35]. It is noteworthy to remind the reader that even though the rinsing 
procedure followed standard methods, water-soluble corrosion products 
could be lost [35,36]. Therefore, mass change values need to be treated 
carefully. 

Scanning electron microscopy (SEM) and energy-dispersive X-ray 
spectroscopy (EDX) using a JEOL JSM-7800 F Prime or Phenom ProX 
Desktop SEM with an EDX detector were used for morphological anal
ysis. Bruker D8 Discover XRD equipped with a Cu source, a secondary Si 
monochromator, and a point detector was employed for phase 

Table 1 
Nominal alloy composition (in weight percentage).  

Alloy Fe Ni Cr Al Si Mn Mo Others 

Kanthal®APMT balance – 21 5 0.7 0.4 3 RE; C 0.08 
Kanthal® AF balance – 21 5.3 0.7 – – RE; C 0.08 
Kanthal® EF101 balance < 0.5 11–14 3.2–4.2 1.2 < 0.7 – RE; C 0.08 
Kanthal® EF100 balance < 0.5 9.5–13 3.8–4.2 < 0.5 < 0.7 – RE; C 0.08  
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identification. 

2.2. Post-exposure cross-section analysis 

No water rinsing for the tested coupons was applied for cross-section 
investigations. Instead, molten salt was poured out from alumina- 
crucibles at 500 ◦C after a completed exposure so that a coupon with a 
thin layer of remaining salts was obtained. This procedure enabled 
corrosion analysis without losing any corrosion products during the 
rinsing process, while no mass change data could be collected. 

3. Results 

To clearly illustrate the effect of pre-oxidation and non-pre-oxidised 
alumina-forming alloys, we compare the results with our previous 
publication [17]. 

3.1. Mass change measurements and XRD analyses of alumina forming 
alloys exposed to alkali carbonate melts 

Mass change values of pre-oxidised alloys after exposure to (Li:Na: 
K)2CO3 are plotted in Fig. 1. As seen in Fig. 1a, a slight mass gain is 
observed over time for the three normally behaving alloys. Interestingly, 
pre-oxidation lowered the mass gain values significantly by comparing 
them with the mass change data of the non-pre-oxidised ones, Fig. 1b 
[17]. After 1000 h exposure, pre-oxidised Kanthal® APMT and EF101 
have a lower mass gain than the non-pre-oxidised ones by a factor of ten 
and four for Kanthal® AF. 

Unlike the normally behaving alloys, a slight mass loss was detected 
after 500 h and 1000 h exposures in Kanthal® EF100. It is also impor
tant to remind the reader that new coupons were used at each time in
terval; therefore, a slight deviation could be observed in the mass change 
values. 

Before exposing the selected alloys to the carbonate melt, XRD 
analysis was performed to identify the phases formed upon pre- 
oxidation. The characteristic diffraction pattern of α-Al2O3 was detec
ted after pre-oxidising Kanthal® APMT, AF and EF101 at 1050 ◦C for 
8 h. Since the three normally behaving alloys show similar behaviour 
during exposure to the carbonate melt, Kanthal® APMT is selected to 
represent phases’ evolution over time, see Fig. 2. Only α- and γ- Al2O3 
are detected upon pre-oxidation, as shown in Fig. 2a. Kanthal® AF and 
EF101 showed stronger signals for transient alumina phases γ- Al2O3 and 
θ- Al2O3 and traces of Al2Fe2O6 and Al1.54Cr0.46O3, respectively. Unlike 
the three normally behaving alloys, no signals of a pure alumina scale 
were found in Kanthal® EF100. Instead, the main characteristic signals 

Fig. 1. Comparison of overall mass change behaviour between a) pre-oxidised vs b) non-pre-oxidised alumina forming alloys immersed in alkali carbonate at 800 ◦C 
after different exposure times [17]: (mass change values for pre-oxidised samples in (a) are approximately one order of magnitude lower than the non-pre-oxidised 
ones in (b). 

Fig. 2. Comparison of XRD diffractograms between a) pre-oxidised vs b) non- 
pre-oxidised Kanthal® APMT alloys immersed in alkali carbonate at 800 ◦C 
after different 72 h, 500 h and 1000 h. 
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detected correspond to (Al0.9Cr0.1)2O3, Al1.54Cr0.46O3, FeAl2O4, and 
Fe0.9Al1.1O3. 

After exposing Kanthal® APMT to the melt for 1000 h, the originally 
strong α-Al2O3 peaks start to weaken, and the peaks for α-LiAlO2 and 
γ-LiAlO2 phases become stronger. Interestingly, besides α-Al2O3, 
α-LiAlO2 and γ-LiAlO2, minor peaks of LiAl5O8 were detected for Kanthal 
AF and EF101 alloys; see Figures A and B in the supplementary files. 
Fig. 2a and b depicts a comparison of α-LiAlO2 and γ-LiAlO2 peak in
tensities for Kanthal® APMT between pre-oxidised vs non-pre-oxidised 
samples. In comparison, the time evolution of the diffraction pattern 
of the non-pre-oxidised samples presented a characteristic increase of 
α-LiAlO2 and γ-LiAlO2. In contrast, the pre-oxidised sample exhibits a 
stable α-LiAlO2 signal. 

3.2. Alloys forming α-/γ-LiAlO2 upon reaction with Al2O3 scales in 
contact with Li2CO3 

In our former publication [17], the investigated alloys were cat
egorised upon their corrosion behaviour to “normal” and “deviating” 
formation and transformation of α-LiAlO2. In this work, similar termi
nology is used, but the classification follows the reaction of alumina 
forming during pre-oxidation to lithium aluminates. Kanthal® APMT, 
Kanthal® AF and Kanthal® EF101 behave alike (“normal”) by forming 
α-/γ-LiAlO2 upon reaction with Al2O3 scales in contact with Li2CO3, 
whereas Kanthal® EF100 “deviates” in its reaction path by incorpo
rating more than one metal ion from the bulk upon reaction with Li2CO3. 

Fig. 3 shows the effect of the pre-oxidation on α-LiAlO2 and γ-LiAlO2 
formation and growth. Fig. 3 is divided into four columns (1− 4) and 
three rows (A-C). Colum no. 1 represents the surface morphology of 
“normal” behaving alloys after 1000 h exposure to the carbonate melt at 

800 ◦C without pre-oxidation [17]. From our previous study, combing 
morphological analysis and XRD results, the smooth surface covered 
with small crystals were assigned as α-LiAlO2 and the growing pyrami
dal crystals as γ-LiAlO2. Column no. 2 depicts cross-section morphology 
after eight hours of pre-oxidation at 1050 ◦C and before exposure to 
carbonate melt. Finally, Columns no. 3 and 4 depict characteristic sur
face features of pre-oxidised coupons after being exposed to molten 
carbonate at 800 ◦C for 500 h and 1000 h, respectively. 

In the case of pre-oxidation, mainly small crystals covering the sur
face were observed, as can be seen in Columns no. 3 and 4. The large 
characteristic crystals of γ-LiAlO2, randomly distributed on the non-pre- 
oxidised samples (see A1, B1 and C1), did not form. Instead, as observed 
in B4 and C4, and in agreement with XRD results, tiny gamma γ-LiAlO2 
crystals started to nucleate and grow during the 1000 h of exposure. It is 
interesting to note the significant difference in the nucleation and 
growth rate of gamma lithium aluminate crystals between the absence 
and presence of pre-oxidation.Representative cross-sections of Kanthal® 
APMT samples illustrate the corrosion resistance of normally behaving 
alloys to salt melts over time, see Fig. 4. Comparing the surface 
morphology of the investigated alloys, the top view images in Fig. 3 
Column 1 show the significantly larger γ-LiAlO2 crystals in the absence 
of pre-oxidation. However, these characteristic crystals were not 
observed in the absence of pre-oxidation, Fig. 3 Columns 2–4. Even after 
1000 h exposure of pre-oxidised alloys to alkali carbonates, Fig. 3 Col
umn 4, γ-LiAlO2 crystals were still absent. Interestingly, cross-section 
investigations for normally behaving alloys revealed the presence of 
three oxide layers, Fig. 4(a-c). Based on our former findings [17], we 
learned that stress-stabilised α-LiAlO2 forms a dense and thin scale 
before nucleating stress-relaxed γ-LiAlO2 crystals, as seen in Fig. 3 (A1, 
B1 and C1). Therefore, in agreement with XRD results and EDS point 

Fig. 3. SEM backscattered electron micrographs showing the cross-sections of “normally” behaving alloys after pre-oxidation and before salt exposures. Column 1 
SEM backscattered images depict the surface morphology of non-pre-oxidised samples exposed to (Li,Na,K)2CO3-melts at 800 ◦C after 1000 h [17]. Columns 2–4: 
SEM backscattered electron micrographs showing the top view for pre-oxidised “normally” behaving alloys exposed to carbonate melts at 800 ◦C after 500 h and 
1000 h at 800 ◦C. 
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analysis, the three-layered oxide scale is composed of γ-LiAlO2 at the 
top, then beneath it α-LiAlO2 and finally, an Al2O3 scale at the 
alloy-oxide interface. The latter Al2O3 scale has been absent in the case 
of the non-pre-oxidised samples. EDS point analyses for lithium alumi
nate polymorphs showed an approximate composition of ~33–35 at% Al 
and ~67–65 at% O. In comparison, the inner alumina scale has 
approximately 39–40 at% Al and 61–60 at% O. Based on the XRD results 
and EDS point analyses, we can conclude that lithium is the only 
participating species from the melt since no other alkali cationic species 
from the melt were detected. 

Fig. 4d shows a higher magnification cross-section SEM image of 
Kanthal® EF101, another normally behaving alloy, after 500 h of im
mersion in the carbonate melt. Another interesting finding that can be 
seen in Fig. 4d is an inhomogeneous cloud-like feature with a difference 
in backscatter electron Z-contrast within the α/ γ-LiAlO2 double layer, 
see Fig. 4c and d. An EDS line-scan analysis shown in Fig. 4e reveals a 
change in Al at% within these regions. Since detecting Li with the EDS 
analysis is not possible, we need to reconsider the at% measured in this 
case. The at% detected in zone (i) for oxygen and aluminium starts with 
~60% and ~40% at the alloy oxide interface, indicating the presence of 
pristine Al2O3. The decrease of Al at% in zone (ii) corresponding with an 
increase in O at% indicates the formation of α-LiAlO2 scale with an Al/O 
ratio of 33/66 at%. The trend of decreasing Al at% and increasing O at% 
in zone (iii) does not necessarily indicate increasing lithium; since the 
Au-sputter coating of the surface before cross-section stands for the 
element difference. In addition, XRD results reported the absence of 
potential highly lithiated phases, e.g. Li5AlO4, see Fig. 2a. The only Li- 
aluminate phases detected in the XRD diffractograms are α-LiAlO2, 
γ-LiAlO2 and LiAl5O8. 

Fig. 5 represents the thickness evolution over time for pre-oxidised vs 
non-pre-oxidised of the normally behaving alloy Kanthal® APMT. After 
1000 h exposure, the overall oxide scale thicknesses of the pre-oxidised 
alloys were significantly lower than the non-pre-oxidised samples. What 
was surprising here was the thickness evolution of the three layers over 
time. As seen in Fig. 5, the alumina scale formed during pre-oxidation is 
getting thinner over time. After 1000 h, almost 50–60% of the Al2O3 
layer was consumed or reacted with the salt melts, forming lithiated 
species. On the other hand, α-LiAlO2 scale and γ-LiAlO2 crystals were 
slowly growing. Furthermore, the inner scale (α-Al2O3) of the pre- 

oxidised samples remains intact in thickness. Thus, combing these 
summarising results with the measured mass change values, pre- 
oxidised Kanthal® APMT has a lower mass gain by a factor of 10 
compared to non-pre-oxidised one and by a factor of 103 to a chromia- 
forming austenitic stainless steel which was investigated in our former 
study under the same conditions [8]. 

3.3. Alloys incorporating more than one metal ion from the bulk upon 
reaction with Li2CO3 

The XRD diffractogram of Kanthal® EF100 after pre-oxidation and 
before exposure to salt melt (Fig. 6) shows a solid solution of mixed 
oxides. Unlike the three normally behaving alloys, no signal for any pure 
alumina phase was found on pre-oxidised Kanthal® EF100. Instead, the 
main characteristic phases detected were (Al0.9Cr0.1)2O3, Al1.54Cr0.46O3, 
FeAl2O4, and Fe0.9Al 1.1O3. Interestingly, after a 1000 h exposure to (Li: 
Na:K)2CO3, signals of these mixed oxides disappear altogether, and a 
signal from an aluminium-rich iron oxide Al1.93Fe0.07O3 was detected. In 

Fig. 4. cross-section scanning electron microscopic images of Kanthal® APMT a) after pre-oxidation for 8 h at 1050 ◦C, b) after 500 h, c) after 1000 h exposure to salt 
melt. An inhomogeneous cloud-like feature is observed within α/ γ-LiAlO2 double layer. d) cross-section scanning electron microscopic image with a higher 
magnification of Kanthal® EF101 after 500 h exposure to alkali carbonate at 800 ◦C. e) an EDS line scan of oxide layers formed on (d). 

Fig. 5. Oxide thickness evolution over time for pre-oxidised vs non-pre- 
oxidised Kanthal® APMT after exposure to (Li,Na,K)2CO3-melts at 800 ◦C. 
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addition, signals of α-LiAlO2 and γ-LiAlO2 appeared. 
Fig. 7a shows a cross-section SEM image of Kanthal® EF100 after 

being pre-oxidised at 1050 ◦C for 8 h. The cross-section analysis shows 
inwards growing mixed oxides with an average thickness of 1400 
± 500 nm. The upper and middle parts of the oxide formed are 
composed of Fe-Al, and Fe-Cr-Al mixed oxides, while the lower zone has 
an Al-rich oxide scale. Pegs were also developed in the sub-oxide region, 
reaching ~5.7 µm deep into the alloy and filled with mixed oxides. EDS 
point analyses show that Al-Fe-Cr mixed oxide has an average chemical 
composition: O ~60 at%, Al (29–33 at%), Fe (6–11 at%), and Cr < 3 at 
%. 

After 500 h exposure to the (Li,Na,K)2CO3 melt, a duplex layer was 

observed with a denser compact inner scale and an outer porous zone, 
Fig. 7b. Most iron and chromium ions have vanished from the oxide 
scale. Pores can indicate a leaching process of ions from the outer oxide 
scale by the melt. The presence of these voids can partially explain the 
mass loss detected in Kanthal® EF100; see Fig. 1a. 

Interestingly, after 1000 h and as shown in Fig. 7c, Kanthal® EF100 
seems to develop an inner aluminium-rich scale that is compact, dense 
and adherent with a 900 ± 400 nm thickness. In contrast, the outer 
oxide layer, composed of lithiated oxide species with an average thick
ness of 600–1200 nm, did not adhere to the inner scale, which partially 
explains the mass loss. 

4. Discussion 

4.1. Alloys forming α-/γ-LiAlO2 upon reaction with Al2O3 scales in 
contact with Li2CO3 

The pre-oxidation of alumina-forming alloys at 1050 ◦C formed 
α-alumina as well as transient γ- and θ-alumina scales on Kanthal® AF, 
APMT and EF101 and other alumina-forming FeCrAls [37–40]. EF100 
formed a mixed oxide and will be discussed later in the discussion. 

Upon exposing these pre-oxidised alloys to molten carbonates, 
transient γ- and θ-alumina react rapidly with Li- and O-ions from the salt 
melt, producing mainly α-LiAlO2. Worth mentioning that Li2CO3 de
composes in contact with the alumina surface into Li- and O-ions and 
CO2(g), which in short, means that Li2O is the only participating species 
from the melt in the growing scale, see Eq. 2. After 500 h, the only 
alumina signal detectable via XRD originates from the α-Al2O3 structure. 
All other signals match only lithium aluminates. The initial rapid but 
low mass gain reflects a 40% mass increase caused by the following 
reaction: 

transient Al2O3 + Li2O→2LiAlO2 (2) 

After completion of the transient alumina reaction with Li2O to 
LiAlO2, the mass change curve flattens drastically. In fact, due to 

Fig. 6. XRD diffractograms of a pre-oxidised Kanthal® EF100 before and after 
1000 h exposure to alkali carbonate at 800 ◦C. 

Fig. 7. cross-section scanning electron microscopic images of Kanthal® EF100 a) after pre-oxidation for 8 h at 1050 ◦C, b) after 500 h, c) after 1000 h exposure to 
salt melt. Top view scanning electron microscopic images d) after 500 h, e) after 1000 h exposure to (Li,Na,K)2CO3 melt. 
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measurement fluctuations resulting from the rinsing procedure, the 
mass change kinetics is so low that it could point both ways within the 
uncertainty values of the method. Thus, we need to consider very slow 
transport processes leading towards oxidation or dissolution. 

The most decisive reaction is the transformation of transient alumina 
into α-LiAlO2. Our former study [17] shows that α-LiAlO2 is a 
stress-stabilised polymorph occurring in the form of a uniform and dense 
inner scale at 800 ◦C on Kanthal® AF, APMT and EF101 if no 
pre-oxidation has been performed prior to the exposure in the molten 
carbonate melt. In the pre-oxidised case, the stress stabilisation is pro
vided by a substantial swelling (Pilling Bedworth) of the transient 
alumina upon Li2O uptake. The compressed α-LiAlO2 is an acting sealant 
that decreases significantly further ions’ transport towards the under
lying α-Al2O3 scale. Interrogating the pseudo-binary phase diagram in  
Fig. 8 further towards lean lithium ratios, one finds lithium pentaalu
minate, LiAl5O8. Traces of LiAl5O8 have indeed been shown in XRD 
spectra of Kanthal® APMT (see image 2a), and in EF101 and Kanthal® 
AF; see Figures A and B in the supplementary files. A powder synthesis 
study by Eremina et al. demonstrates in a dedicated study that the 
LiAl5O8 formation from γ-Al2O3 and Li2CO3 reactants depends on the 
γ-Al2O3 powder grain size and even more so on mechanical milling, 
rather than on variation of the synthesis temperature [41]. Larger 
γ-Al2O3 grains without additional mechanical treatment showed LiAlO2 
as the dominant product, which resembles the oxide scale formed on the 
samples in the current study. In this context, LiAl5O8 is a transient 
product upon lithiation of the pre-oxidised alumina scale. 

The resulting double oxide scale α-Al2O3/α-LiAlO2 brings further 

oxidation almost to a halt. 
To test this hypothesis, predicting the maximum mass gain by Li2O 

uptake of a pre-oxidised FeCrAl alloy should be possible by inspecting 
the alumina scale’s α- to γ-Al2O3 ratio prior to exposure to the alkali 
carbonate melt. Table 2 presents an example calculation for a sample 
with a 450 nm thick alumina scale after pre-oxidation (agreeing with 
our initial scale thickness), comprising 1/3 α- and 2/3 γ-alumina. In this 
example, only the γ-Al2O3 reacts with Li2O to form α-LiAlO2 and causes 
the initial mass gain while α-LiAlO2 remains intact. 

Comparing this estimate with the mass gain results presented in 
Fig. 1a, it matches quite precisely the expectation value, not to exceed 
more than 0.04 mg/cm2, independent of exposure time as long as the 
inner α-alumina scale is intact. This exercise confirmed that the per
formance of pre-oxidised alumina formers in lithium carbonate 
comprising melts is highly dependent on the duration and temperature 
of the pre-oxidation process since transient to α-Al2O3 ratios have been 
shown to be sensitive to those parameters in several studies in the 
literature [40,50,51]. 

After discussing the inwards transport of lithium and oxygen ions by 
the reaction with transient alumina, it is necessary to reflect also on the 
possibility of an ongoing transformation of α-LiAlO2 to γ-LiAlO2 or 
further reaction with lithium carbonate to higher lithiated aluminates, e. 
g. Li5AlO4 (Fig. 8a [42]). The XRD signal for γ-LiAlO2 is indeed slightly 
increasing over time. However, the higher lithiated structure Li5AlO4 
was not observed; this is not disproving its formation since it might have 
been taken into the melt flux. However, studies by Lehmann et al. 
showed that it requires Li2O rather than Li2CO3 to stabilise the highly 
lithiated structure [52]. 

If we discuss this behaviour to its extreme and all α-LiAlO2 is even
tually transformed into non-protective γ-LiAlO2 and Li5AlO4, α-alumina 
acts as the protective interface between melt and alloy. α-alumina pos
sesses the highest density of the here-discussed oxidised structures 
(Fig. 8b). Thus, the resistance towards lithium uptake and the corre
sponding Pilling-Bedworth effect is expected to be high. 

Therefore, it can be said that pre-oxidation and exposure of the 
alumina formers Kanthal® AF, APMT and EF101 exhibit the highest 
possible protection of the alloy via the formation of an α-Al2O3/α-LiAlO2 
double scale, both very slow growing. A simplified schematic of our 
observations is shown in Fig. 9. 

4.2. Alloys incorporating more than one metal ion from the bulk upon 
reaction with Li2CO3 

Kanthal® EF100, on the other hand, exhibits mass loss. This can be 
explained by analysing the phases formed by its pre-oxidation. Iron and 
chromium ions are present in the inhomogeneous aluminium-rich oxide 
scale. Those ions can be leached by molten carbonates, leaving a porous 
oxide scale behind. However, after 1000 h, EDX point analysis (~40% Al 
and ~60% O) and XRD results show a nearly pristine inner alumina-rich 
scale. Mass loss can also partially be explained by the spallation of the 
mixed oxides layer, as observed in Fig. 7c. It is unclear how the inner 
aluminium-rich oxide underneath the leached oxide regions can perform 
for long-term exposures beyond 1000 h. Deceleration of the mass loss 

Fig. 8. Left: Pseudo-binary phase diagram for Al2O3-Li2O as a function of at% 
Li [42]. The red dashed line highlights 800 ◦C and crosses three stable 
Li-aluminate phases—right: plot showing the densities of different alumina 
crystal structures and Li-aluminates. The data was obtained from Springer 
Materials [37,43–49]. 

Table 2 
Mass change estimation of a pre-oxidised alumina-forming alloy after reacting 
with Li-carbonate.  

alumina 
scales after 
pre-oxidation 

thickness 
min. [nm] 

density 
g/cm3 

m (oxide) after 
pre-oxidation 
[mg/cm2] 

max. mass gain 
in carbonates 
[mg/cm2] 

total Al2O3  450    0.17 0.04 (total mass 
gain) 

(2/3) γ-Al2O3  300  3.62  0.11 0.04 
(α-LiAlO2 via  
Eq.1) 

(1/3) α-Al2O3  150  3.98  0.06 0  
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appears promising. 

5. Summary  

1. Forming an inner α-Al2O3 scale, upon pre-oxidising ferritic FeCrAl 
alloys decelerates the corrosion caused by alkali carbonate melts 
further compared to previously reported non-pre-oxidised FeCrAl 
alloys.  

2. Outer transient alumina scales formed during a pre-oxidation process 
react with lithium carbonate, forming the stress-stabilised α-LiAlO2 
on top of the inner α-alumina scale, providing an additional pro
tective oxide scale.  

3. Consequently, the quality and thickness of a protective α-Al2O3/ 
α-LiAlO2 is defined by the α-/transient- alumina ratio, which in term 
depends on the alloy’s chemical composition.  

4. Secondary cations in the oxide scale, chromium or iron ions, 
observed for pre-oxidised Kanthal® EF100 leach into the alkali car
bonate melt upon exposure. This leaching process causes a tempo
rary mass loss, which comes to a halt when a nearly pure aluminium 
oxide scale has formed at the alloy/oxide interface. 
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