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Summary 

 
A combinatorial approach was designed for efficient mapping of the alumina stability 
domain in Fe-Cr-Al ternary diagrams and for the determination of alumina polymorph, 
formed at different temperatures on Fe-Cr-Al alloys and on modified surface layers, 
during their exposure to oxygen-containing lead in the temperature range 400 - 600°C. 
Chromium and aluminium contents of 12.5-17 wt.% and 6-7.5 wt.%, respectively, are 
high enough to obtain thin, stable and protective alumina scales. Transient aluminas, 

-Al2O3 (at 400 and 500 °C) and -Al2O3 (at 600 °C), were found to be the protective 
oxide scales grown at these temperatures and exposure times. 

1  Introduction 

Heavy liquid metals (HLM), namely lead and lead-based alloys, are currently under 
consideration for energy-related applications (e.g. hydrogen production, concentrated 
solar power and nuclear reactors) due to their low reactivity versus oxygen and water 
and their beneficial thermal and neutronic properties [1-3].  
 
However, HLM compatibility with structural steels, in terms of corrosion and 
mechanical resistance, causes considerable concern [4, 5]. While at temperatures 
below 500 °C, the corrosion issue was solved for both austenitic and ferritic/martensitic 
steels with the aid of a protective Fe-based oxide scale grown by adding small 
quantities of oxygen into HLMs [5], at higher temperatures an acceptable solution is 
still under debate.  
 
For this latter case (T > 500 °C), in a first attempt, steels alloyed with strong oxide-
forming elements (e.g. Al, Si) were tested in lead and lead-based alloys containing 
small amounts of oxygen (10-8 - 10-6 wt.%) [4, 6-9]. The protection of such steels was 
provided by a thin, continuous oxide scale, grown during the exposure to oxygen-
containing HLM. The key factor of this behaviour consists in the appropriate Al or Si 
concentration, leading to their selective oxidation. 
Unfortunately, in case of Al addition, the minimum content required might negatively 
affect the mechanical properties of the steel. This is why, for steel protection against 
corrosion attack above 500 °C, it was proposed to replace the alloying of the steel with 
Al with a procedure consisting in plasma spraying deposition of Al-containing layers 



(e.g. Fe-Cr-Al-Y) followed by intense pulsed electron beam processing (GESA 
process) [10,11]. 
 
The current paper presents a synthesis of the results, detailed elsewhere [12, 13], 
concerning the corrosion behaviour of GESA-modified, Al-containing surface layers 
and of bulk Fe-Cr-Al model alloys, during their exposure to oxygen-containing lead (10-

6 wt. %), in the temperature range 400 – 600 °C.  
The study was performed on: 

(i) rapidly solidified Al-containing surface layers, with wavy surface topography, refined 

microstructure (grain size 0.5 - 2 m) and local fluctuation of Al/Cr concentration, 

allowing the evaluation of the oxidation behaviour for a range of Al/Cr contents within 

only one nominal composition, using scanning electron microscopy combined with 

energy dispersive spectroscopy (SEM/EDX);  

(ii) bulk Al-containing alloys with very large grains (0.5 – 2 mm), so that a possible 

influence of grain boundary diffusion on the formation of oxide scales was very low. 

The specimens showing a smooth surface aspect were analysed using surface 

characterization techniques (X-ray photoelectron spectroscopy sputter depth profiling 

- XPS-SDP - and grazing incidence X-ray diffraction - GI-XRD). 

This combinatorial approach was designed for efficient mapping of the alumina stability 

domain in Fe-Cr-Al ternary diagrams, for the definition of experimental criteria 

concerning Al/Cr ratio optimization and for the determination of alumina polymorph, 

formed at different temperatures on Fe-Cr-Al alloys and aluminized surface layers. 

2  Experimental 

Samples of 9Cr ferritic/martensitic T91 steel were covered, using low pressure plasma 
spraying method (LPPS), with Fe-Cr-Al-based layers of nominal compositions Fe-
15Cr-11.5Al-0.5Y (type A) and Fe-9Cr-12Al-0.5Y (type B). Because of the high porosity 
and poor bonding to the substrates, the as-sprayed layers together with some 
micrometers thick layers of the substrates were melted by an intense pulsed electron 
beam in the GESA facility [14]. Melting and rapid solidification of the approximately 30 

m thick surface layer lead to a dense Al-containing surface region (called “modified 
surface layer”), with refined microstructure and good bonding to the underlying steel 
[12]. The compositions of the GESA-modified Fe-Cr-Al layers depend on the initial 
thickness and therefore they are slightly different, due to different dilutions with the 
substrate elements – Table 1.  

Twelve Fe-Cr-Al-based alloys were prepared as ingots - by arc-melting in argon 

atmosphere - starting from high purity elements. Their nominal and measured 

compositions are shown in Table 1. The measured Cr and Al contents differed by less 

than 1 wt.% from the nominal ones. The ingots were cut into discs with thickness of 

around 1.2 mm. All specimens were mechanically grinded on successively finer 

abrasive papers down to 4200 grit.  

 

All specimens, both the Fe-Cr-Al-based modified layers and the Fe-Cr-Al-based model 

bulk alloys, were exposed to stagnant liquid lead containing 10-6 wt.% oxygen. T91 

specimens covered with Fe-Cr-Al modified layers were exposed, without further 

surface finishing, for 900 h at 400 °C (A1 and B1), 450 °C (A2 and B2), 500 °C (A3 and 

B3), and 550 °C (A4 and B4). The experiments with the model alloys were performed 



at the following lead temperatures/exposure times: 400 °C/840 h, 450 °C / 840 h, 500 

°C / 930 h, 550 °C / 840 h and 600 °C / 1830 h. 

 
Table 1 

Composition of ternary Fe-Cr-Al bulk alloys (P1-P12) and modified surface layers (A1-A4, B1-B4), 
analyzed with EDX. 

 

Samples Nominal composition Cr [wt%] Al [wt%] Fe  

P1 Fe-6Cr-6Al   6.2 6.8 Balance 

P2 Fe-8Cr-6Al   8.4 6.6 Balance 

P3 Fe-10Cr-5Al 10.8 5.6 Balance 

P4 Fe-14Cr-4Al 14.5 4.2 Balance 

P5 Fe-16Cr-4Al 16.4 4.7 Balance 

P6 Fe-6Cr-8Al   6.4 8.8 Balance 

P7 Fe-10Cr-7Al 10.4 7.6 Balance 

P8 Fe-12Cr-7Al 12.4 7.5 Balance 

P9 Fe-16Cr-6Al 16.9 6.4 Balance 

P10 Fe-12Cr-5Al 12.3 5.8 Balance 

P11 Fe-12Cr-8Al 12.2 8.2 Balance 

P12 Fe-16Cr-8Al 16.5 8.7 Balance 

A1 Fe-15Cr-11.5Al-0.5Y 14 11 Balance1 

A2 Fe-15Cr-11.5Al-0.5Y 14.5 10 Balance1 

A3 Fe-15Cr-11.5Al-0.5Y 14.5 10 Balance1 

A4 Fe-15Cr-11.5Al-0.5Y 13.5 9 Balance1 

B1 Fe-9Cr-12Al-0.5Y 9.5 10 Balance1 

B2 Fe-9Cr-12Al-0.5Y 9.5 9 Balance1 

B3 Fe-9Cr-12Al-0.5Y 9.5 10 Balance1 

B4 Fe-9Cr-12Al-0.5Y 9.5 8.5 Balance1 

1Yttrium content below 1 wt. % in all cases; scatter of Cr and Al content ±1 wt. %. 

 

The evaluation of the specimens was performed using scanning electron microscopy 

(SEM) and energy dispersive X-ray spectroscopy (EDX). In addition, the model alloys 

were analysed by X-ray diffraction with conventional and synchrotron radiation (XRD), 

and for selected samples, X-ray photoelectron spectroscopy sputter depth profiling 

(XPS-SDP) and transmission electron microscopy (TEM) were performed. 

3 Results 

The surface morphology and elemental composition of the oxide scales, grown on Fe-

Cr-Al-based modified surface layers, and of the Fe-Cr-Al bulk alloys were evaluated 

by SEM/EDX. No dissolution attacks were observed. Based on the morphology of the 



oxide grown on the surface, the samples were classified into two categories: samples 

with “rough-granular” surfaces and samples with “generally smooth” surfaces. The 

oxide scales of the first category exhibit grains protruded above the original surface 

and have dark-gray and wrinkled appearance with porosities (Fig. 1a). The first 

category comprises the B2 modified surface layer and samples P1-P7 and P10 of the 

model bulk alloys, while the second category with generally smooth surfaces contains 

A1-A4, B1 and B3 modified layers and P9, P11 and P12 bulk alloys (Fig. 1b). The 

samples of the second category are covered by a green-yellow oxide scale. The 

generally smooth surfaces show small spots of rough-granular morphology. Samples 

made of P9, P11 and P12 bulk alloys have less than 2 % of their surface covered with 

islands of granular morphology. On the modified layers A1-A4 and B3 up to 5 % and 

on B1 about 5-10 % of the surface have a rough-granular appearance. The modified 

surface layer B4 and bulk alloy P8 show both morphologies, rough-granular and 

smooth, over considerable areas; 20-40 % of the surfaces have rough-granular aspect. 

Therefore, B4 and P8 do not clearly fall in any of the two categories and are considered 

to represent the transition region. 

 

 a)  b) 

Fig. 1. Examples of surface morphologies: rough-granular aspect observed on modified surface layer 

B2 (Fe-9.5Cr-9Al) at 450 °C and smooth aspect observed on bulk alloy P12 (Fe-16Cr-8Al) at 600 °C. 

 

 

As observed during cross sectional examination, samples having a rough-granular 

surface aspect (made of P1-P8, P10 bulk alloys and the B2 modified surface layer) 

form a duplex-type oxide scale. The outer layer is a pure iron oxide with pores (some 

with trapped lead), while the inner layer is a Fe-Cr-Al-based oxide, as concluded from 

EDX line scan analysis (Fig. 2).  

 

The samples having in general smooth surfaces (P9, P11, P12 bulk alloy and A1-A4, 

B1, B3 modified surface layers) were covered by a very thin Al-rich oxide scale, as was 

found during EDX line scan analysis (Fig. 3). 

 

 

 

 

 



 

a) 

 

b) 

Fig. 2. Examples of SEM  cross section images (back-scattered electron) and EDX line scans of 

duplex oxide scale (Fe3O4 + (Fe1-x-yCrxAly)3O4) with rough-granular aspect, grown on (a) modified 

surface layer B2 (Fe-9.5Cr-9Al) and on (b) bulk alloy P3 (Fe-10Cr-5Al)during exposure at 450 °C to 

molten Pb with 10-6 wt.% oxygen. 

 

a) b) 

Fig. 3. Examples of SEM cross section images (secondary electron) and EDX line scans of thin Al-rich 

oxide scales with smooth aspect, grown on (a) modified surface layer A4 (Fe-13.5Cr-9Al)  and on (b) 

bulk alloy P9 (Fe16Cr-6Al) during exposure at 550 °C to molten Pb with 10-6 wt.% oxygen. 

 

The XRD patterns of the bulk alloy samples P1-P7 and P10 (all covered by duplex-

type oxide scale with “rough” aspect) have evidenced the presence of the spinel-type 

structure, identified as magnetite Fe3O4 (PDF-card no. 89-0688) and chromite 



Fe(Cr,Al)2O4 (PDF-card no. 34-0140). The cubic structure  - Fe(Cr) (PDF-card no. 

34-0396), which corresponds to the substrate, was identified. Fig. 4a depicts, as an 

example, the XRD pattern of the P4 (Fe-14Cr-4Al) sample exposed at 450 °C to molten 

Pb with 10-6 wt.% oxygen. 

 

 

 

a) b) c) 

Fig. 4. XRD patterns of (a) P4 (Fe-14Cr-4Al), (b) P8 (Fe-12Cr-7Al) and  (c) P12 (Fe-16Cr-8Al) taken 

after exposure in oxygen containing liquid lead at 450 °C, 550 °C and 600 °C, respectively. A duplex 

layer (Fe3O4+Fe(Cr,Al)2O4) is grown on P4 sample (=0.15405 nm), -Al2O3 polymorph on P8 

(=0.11794 nm), while the scale on P12 is a mixture between -Al2O3 and -Al2O3 (=0.12397 nm). 

 

The oxide, grown on the samples showing a generally “smooth” surface (P8, P9, P11 

and P12), is either -Al2O3 transient alumina (PDF card No. 26-31), as can be 

concluded from the example shown in Fig. 4b (P8 exposed at 550 °C), or -Al2O3 (PDF 

card No. 86-1410), in case of P9 at 600 °C, or a mixture of these two alumina 

polymorphs, in case of P11 and P12 (Fig. 4c). XRD patterns of P8, P9 and P11 

samples also contain peaks of magnetite. While, in case of P8, the magnetite was 

observed on some 20-40 % of the sample surfaces (depending on the exposure 

temperature), in case of P9 and P11, it was located at the grain boundaries or around 

some surface defects.  

 

XPS compositional sputter depth profile evaluations were performed on the samples 

made of P9 bulk alloy, which formed transient aluminas as protective scale at all 

temperatures (Fig. 5). Following a semi-quantitative procedure [15], the average 

thickness of the alumina layer, grown on the P9 sample at 400, 450, 500 and 550 °C, 

was estimated, from the full width at half-maximum (FWHM) of the AlOx peak, to be 

35, 60, 84 and 140 nm, respectively. Unfortunately, it was not possible to evaluate the 

average thickness of the scale grown at 600 °C from XPS compositional sputter depth 

profile data, due to the inhomogeneous ion milling process. In this case the estimation 

of the average thickness of the alumina scale (~ 500 nm) was made during EDX line 

scan evaluation [13]. 

 



a) b) 

 

Fig. 5. Examples of  XPS sputter depth profiles of P9 (Fe16Cr6Al) exposed for 840 h to molten Pb 

(with 10-6 wt.% oxygen) at (a) 450 °C and at (b) 550 °C. The average thicknesses of Al2O3 scale, 

estimated from FWHM of AlOx peak, were 60 nm and 140 nm, respectively.  
 
Preliminary results, obtained by transmission electron microscopy evaluation of 
alumina scales grown on P9 samples during their exposure at 450 °C and 600 °C to 
molten Pb, have confirmed the scale thickness estimations based on XPS sputter 
depth profiles. The scale thicknesses of the samples exposed at 450 °C and 600 °C 
are around 60 nm and 500 nm, respectively (Fig.  6). 
 
 

a) b) 

 
Fig. 6. TEM images of the oxide scales grown on P9 samples (Fe-16Cr-6Al) exposed at (a) 450 °C 

and (b) 600 °C in molten Pb with 10-6 wt.% oxygen 

 

4 Discussion and conclusions 

The experimental investigation concerned the surface morphology, composition, 

structure and thickness of the oxide scales grown on Fe-Cr-Al-based GESA-modified 

surface layers and on bulk model alloys during their exposure to oxygen-containing 

lead (10-6 wt. %), in the temperature range 400 – 600 °C. 

 



Eight bulk alloys (P1-P7 and P10) were covered by a Fe-based duplex oxide scale 

(Fe3O4 + Fe(Cr,Al)2O4), while four others (P8, P9, P11 and P12) formed transient 

aluminas as protective scale.  

 

The thickness of the Fe-based oxide scale, grown on model bulk alloys, increased 

slowly from 2-4 m at 400 °C to around 5 m at 500 °C and reached a maximum of 

approximately 15 m (P6 – Fe-6Cr-8Al) after exposure at 600 °C. One exception was 

found in the case of P5 bulk alloy (Fe-16Cr-4Al), where the oxide scale thickness 

increased from 0.8 m at 400 °C to 1.5 m at 600 °C. It seems that around a 

concentration of 4 wt.%, Al is sufficient (most probably in synergy with Cr content) to 

reduce the growth rate of Fe(Cr,Al)2O4 with spinel structure. 

 

The stability domain of alumina has been estimated for the Fe-Cr-Al alloy system, 

exposed to molten lead containing 10-6 wt% oxygen, over 400-600 °C temperature 

range (Fig. 7). The P9 (Fe-16Cr-6Al), P11 (Fe-12Cr-8Al) and P12 (Fe-16Cr-8Al) 

samples were included in the alumina stability domain, while the P8 (Fe-12Cr-7Al) 

sample was localized on the boundary between the alumina stability domain and the 

Fe-based oxide domain. The boundary between the two domains shows a clear 

dependence on Cr concentration: higher Cr content leads to alumina formation at lower 

Al concentration. 
 

 

Fig.7. Oxide “map” for the oxidation of Fe-Cr-Al-based model bulk alloys and modified surface layers 

exposed to oxygen containing molten lead, in the temperature range 400 – 600 °C 

 

The alumina protective scales, grown on P8, P9, P11 and P12 samples were transient 

polymorphs -Al203 and -Al2O3, which are known to form also in the early stages of 

the oxidation process, during exposure in oxygen-containing gas atmosphere around 

900 °C [16]. For the temperature range, oxygen concentration and exposure time used 

during the current evaluation, the growth rate of alumina scales was low. No area with 

detached scale was observed and no trace of -alumina was detected. 



 

In case of GESA-modified, Fe-Cr-Al-based surface layers, yttrium acts as a reactive 

element (RE) when exposed to molten, oxygen-containing Pb or Pb-alloys. Reactive 

elements are added in small quantities (< 1 wt%) because, as experimentally proved, 

they reduce the scale growth rate and improve the scale/substrate adherence [16]. 

However, only minor or no effect is expected on the alumina stability domain. Therefore 

data of the GESA-modified Fe-Cr-Al-based surface layers were also added (open 

symbols) in the ternary diagram in Fig. 7. 

 

The samples A1-A4 easily fall within the alumina stability domain determined from the 

model bulk alloy experiments. B1 and B3, also forming stable alumina scales, extend 

in a reasonable way the stability domain towards lower Cr contents. The B4 sample 

was identified as showing both Fe-based oxide and stable alumina scale over 

considerable regions, thus marking the transition between the two domains, in 

agreement with the boundary estimated from the experiments with the model bulk 

alloys. B2, despite the slightly higher Al content than that of B4, was covered by Fe-

based oxide scale. This observation could indicate a temperature dependence of the 

alumina stability domain. It should be taken into account that B2 was exposed at 450 

°C, while the experiment with B4 was performed at 550 °C.  

 

The ternary diagram in Fig. 7 shows the additional points “R2” and “R3” reported in 

literature [17] and [18], respectively. The exposure temperatures for these two 

references were 650-700 °C (R2 for 10.000 h) and 500-750 °C (R3), both forming 

stable alumina scales. As in case of Fe-Cr-Al-based modified surface layers, alumina 

forming R2 (ODS) and R3 (Kanthal AF) alloys, when exposed to molten, oxygen-

containing Pb and Pb-Bi-eutectic, respectively, belong to the Fe-Cr-Al-RE system. The 

reactive element was hafnium in case of R2 and silicon in case of R3. As can be 

observed the point R3 is clearly located within the alumina stability domain drawn from 

the experiments presented in this study. The ODS steel containing 3.8 wt.% Al 

(corresponding to point R2), exposed at higher temperatures, was also protected by 

an alumina scale. This result indicates a shift of the alumina domain to lower Al 

concentration in case of exposure of Fe-Cr-Al-based alloys at higher temperatures. 

Also such a result is in accordance with the findings reported in literature for exposures 

at 800 °C [19] and 1000 °C [20] to oxygen atmosphere. 

 

Based on the results presented in this paper, an experimental criterion concerning the 

minimum Al concentration required to form a slowly growing and protective alumina 

scale on Fe-Cr-Al-based alloys and modified surface layers was defined to be:  

C Al =1.53 – 0.81 (CCr) + 0.02 (CCr)2 [wt.%],  

when chromium content lies in the range of 12-25 wt.%. This formula corresponds to 

the border line, which separates in Fig. 7 the stability domain of alumina from the 

stability domain of Fe-based oxides. 

 

Further work is underway in order to optimize the concentration of minor elements and 

to assess the influence of the grain size and their orientation, as well as of the exposure 

time and stresses, on corrosion resistance and mechanical properties of bulk alloys 

and modified surface layers from the Fe-Cr-Al-based system. 

Acknowledgments 



Financial support by GETMAT (FP7-212175), LEADER (FP7-249668) and MatISSE 

(FP7-604862) projects within the EU-7th Framework program is gratefully 

acknowledged. The grazing incidence X-ray diffraction was performed at ANKA 

synchrotron in Karlsruhe (PDIFF beamline). 

 

References 

[1] M. Serban, M. Lewis, C. Marshall, R. Doctor, Hydrogen production by direct contact 

pyrolysis of natural gas, Energy & Fuels 17 (2003) 705-713 

[2] J. Pacio, Th. Wetzel, Assessment of liquid metal technology status and research 

paths for their use as efficient heat transfer fluids in solar central receiver systems, 

Solar Energy  93 (2013) 11-22 

[3] Z. Su’ud, H. Sekimoto, Design and safety aspect of lead and lead-bismuth cooled 

long-life small safe fast reactors for various core configurations, J. Nucl. Sci. Technol. 

32 (1995) 834–845. 

[4] R.C. Asher, D. Davies, S.A. Beetham, Some observations on the compatibility of 
structural materials with molten lead, Corros. Sci., 17 (1977) 545-557. 
[5] Handbook on Lead–Bismuth Eutectic Alloy and Lead Properties, Material 
Compatibility, Thermal–Hydraulics and Technologies, AEN/NEA Nuclear Energy 
Agency, OECD, Nuclear Science, 2007 (Chapter 4). ISBN 978-92-64-99002-9. 
[6] H.U. Borgstedt, H. Glasbrenner, Development of a direct insulation layer for a self-
cooled liquid metal fusion reactor blanket, Fusion Eng. Des. 27 (1995) 659–662. 
[7] M. Kondo, M. Takahashi, Corrosion resistance of Si- and Al-rich steels in flowing 
lead-bismuth, J. Nucl. Mater. 356 (2006) 203–212. 
[8] P. Hosemann, H.T. Thau,  A.L. Johnson, S.A. Maloy, N. Li, Corrosion of ODS steels 
in lead-bismuth eutectic, J. of Nucl. Mater. 373 (2008) 246-253 
[9] J. Lim, H.O. Nam, I.S. Hwang, J.H. Kim, A study of early corrosion behaviors of 
FeCrAl alloys in liquid lead-bismuth eutectic environments, J. Nucl. Mater. 407 (2010) 
205–210 

[10]. A. Weisenburger, A. Heinzel, G. Mueller, H. Muscher, A. Rousanov, T91 cladding 
tubes with and without modified FeCrAlY coatings exposed in LBE at different flow, 
stress and temperature conditions, J. of Nucl. Mater., 376/3 (2008) 274-281. 

[11] V. Engelko, G. Mueller, A. Rusanov, V. Markov, K. Tkachenkov, A. Weisenburger, 
A. Kashtanov, A. Chikiryaka, A. Jianu, Surface modification/alloying using intense 
pulsed electron beam as a tool for improving the corrosion resistance of steels exposed 
to heavy liquid metals, J. of Nucl. Mater., 415/3 (2011) 270-275 
[12] R. Fetzer, A. Weisenburger, A. Jianu, G. Müller, Oxide scale formation of modified 

FeCrAl coatings exposed to liquid lead, Corros. Sci. 55 (2012) 213-218. 

[13] A. Weisenburger, A. Jianu, S. Doyle, M. Bruns, R. Fetzer, A. Heinzel, M. 

DelGiacco, W. An, G. Müller, Oxide scales formed on Fe-Cr-Al-based model alloys 

exposed to oxygen containing molten lead, J. of Nucl. Mater. 437 (2013) 282-292. 

[14] V. Engelko, B. Yatsenko, G. Mueller, H. Bluhm, Pulsed electron beam 
facility (GESA) for surface treatment of materials, Vacuum 62 (2001) 211}216 
[15] M. Veith, K. Andres, S. Faber, J. Blin, M. Zimmer, Y. Wolf, H. Schnöckel, R. Köppe, 
R. de Masi, S. Hüfner, The Metastable, Glasslike Solid-State Phase of HAlO and Its 
Transformation to Al/Al2O3 Using a CO2 Laser, Eur. J. Inorg. Chem. 24 (2003) 4387–
4393. 
[16] P. Kofstadt, High temperature corrosion, Elsevier, London-New York, 1988, ISBN 

1-85166-154-9. 



[17] S. Takaya, T. Furukawa, G. Müller, A. Heinzel, A. Jianu, A. Weisenburger, K. Aoto, 

M. Inoue, T. Okuda, F. Abe, S. Ohnuki, T. Fujisawa, A. Kimura, Al-containing ODS 

steels with improved corrosion resistance to liquid lead-bismuth, J. Nucl. Mater. 428 

(2012) 125–130. 

[18] M. Del Giacco, A. Weisenburger, A. Jianu, F. Lang, G. Mueller, Influence of 
composition and microstructure on the corrosion behavior of different Fe-Cr-Al alloys 
in molten LBE, J. Nucl. Mater. 421 (2012) 39–46. 
[19] P. Tomaszewicz, G.R. Wallwork, The oxidation of high-purity iron-chromium-
aluminum alloys at 800°C, Oxid. Met. 20 (1983) 75-109. 
[20] Z.G. Zhang, X.L. Zhang, L. Sheng, X. Teng, The effect of the third element Cr on 
oxidation behavior of Fe-xCr-10Al (at.%) alloys at 900°C, Open Corros. J. 2 (2009) 37-
44. 

 

 


