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Abstract 

 

Physical and Chemical Characterization of Oxide Layers Formed on Fe-Cr-Al alloys in 

Liquid Pb45Bi55 and Its Alternatives at High Temperatures 

by 

Miroslav P. Popovic  

Doctor of Philosophy in Nuclear Engineering 

University of California, Berkeley 

prof. Peter Hosemann, chair 

 

Lead-bismuth eutectic (LBE, Pb45Bi55) is a promising candidate alloy for use as a fluid in 

heat storage and transport applications in nuclear and solar power generating systems, due to its 

superior thermal, chemical, physical and neutron-moderating properties. In order to further 

improve the thermal efficiency in these systems, it is a goal to push the operating (upper) 

temperature up to 800 oC or more. However, a major drawback in using liquid LBE at high 

temperatures is the increasing solubility of many chemical elements from solids in LBE 

(particularly nickel from austenitic materials). This can be mitigated by adding an appropriate 

amount of oxygen into liquid LBE and keeping control of the oxygen concentration to enable 

formation of protective oxide layer or layers on or near the structural material surface, whereby 

the oxidation of the elements depends on temperature, oxygen concentration and chemical 

potential of oxidation. Addition of aluminum to the iron-based ferritic materials has been found to 

be beneficial in preventing dissolution and excessive oxidation, by forming an Al-oxide layer that 

provides an effective diffusion barrier for metal ions and protects the material. 

In this work, the structure of the oxide phases formed on candidate materials after exposure 

to oxygenated LBE at temperatures up to 800 C has been analyzed and characterized by various 

spectroscopic and microscopic methods. Three Fe-Cr-Al ferritic alloys, containing various 

percentages of Al and Cr, have been exposed to LBE in an in-house designed experimental setup 

in controlled oxygen atmosphere, in various test duration. The main goal was to determine the 

influence of four factors on the formation of oxide layers: Al content in Fe-Cr-Al alloys, 
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temperature, oxygen content in LBE, and duration of exposure. The structural analysis of the layers 

has been performed by transmission electron microscopy, energy-dispersive X-ray spectroscopy, 

Raman spectrometry and X-ray photoelectron spectroscopy. It has been found that the oxygen 

content in LBE around 1×10-6 wt% is optimal for the formation of stable, continual and well-

adhered oxide layers. Higher Al content in steels stimulates formation of mostly Al2O3, while 

lower Al content leads to the enrichment in Fe- and Cr-oxides. At higher oxygen content (5×10-6 

wt% O) and lower Al content, at 800 0C, formed oxide scale is a complex structure of more than 

one layer. Lowering of the oxygen concentration to 1×10-6 wt% in LBE at same temperature leads 

to the reduction in diversity of oxides (further domination of Al-oxide), while the concentration of 

1×10-7 wt% O was found to be too low for compact and well-defined scales formation. The same 

effect of enrichment in Al2O3 in oxide scales is obtained by lowering the temperature. 

Oxide scales degradation is another topic that has been dealt with in the study. At high 

temperatures and higher oxygen concentration in LBE, the diffusion of oxygen through the oxide 

layers into the bulk increases and may lead to the internal oxidation of Al. This can generate strain 

in the oxide and in near-oxide bulk due to the mismatch between the crystal structures of oxides 

and of the bulk, leading subsequently to the oxide layers breaking and spallation. The other cause 

of strain can be the mismatch of thermal expansion coefficients of oxides and of the bulk, in 

cooling at the end of heat transfer systems operation. Strain in the oxide scales might lead to their 

breaking and failure. According to the results obtained by the X-ray microdiffraction analysis, 

strain in the lattice mainly comes from plastic deformation, and more dominant mechanism of 

strain induction is by the internal oxidation. Besides that, the influence of an additional thermal 

disturbance has been studied by inducing a mid-term thermal cycle in corrosion tests in LBE at 

various test temperatures. It has been found that thermal cycling leads to the increase in oxide 

scales failure with the increase in operating temperature and with increasing Al content in samples. 

The last goal of this work was to investigate if the addition of a third element X (a minor 

additive) to LBE can improve the protection of structural materials by possible formation of 

intermetallic layers, besides the oxides, i.e. to design and evaluate optimal Pb-Bi-X ternary alloys 

as an alternative to LBE. Theoretical considerations indicated Pb-Bi-Sb and Pb-Bi-Ge as the most 

promising alternatives, while the experimental evaluation gave some evidence of the intermetallic 

formation only on high-Al tested sample in Pb-Bi-Sb. However, no significant advantage over 

LBE has been found in behavior of these two ternary alloys towards the Fe-Cr-Al materials. 
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5.1.3 (a) SEM, and EDX line- and map-scans of the ALK sample after exposure to LBE at 800 
0C for 350 h; (b) Raman spectra of the ALK sample exposed for 360 h to LBE at 800 0C 

with 5×10-6 wt% oxygen dissolved (see further text): line II obtained from the zone of inner 

layer (to the far left), while lines I, III and IV obtained from the medium sub-layer (Al-

oxide + Fe-Cr-oxide). Raman spectra detected TiO2, Cr2O3, Fe3O4, and FeCr2O4 (spinel), 

as possible oxides. 

5.1.4 Tests in LBE at 800 °C: (a) SEM/EDS of APMT, after 700 h - internal oxidation; (b) SEM 

of APM after 700h; (c) APMT: oxide spalling off. 

5.1.5 (a) Oxygen concentration and temperature vs. time plot of the test in LBE at 800 0C /360 

h (~ 5×10-6 wt% oxygen in LBE), and EDX line scan (elemental composition) of the oxides 

formed on (b) ALK and (c) APM steel from the same test (retrieved from ref. [104]). 

5.1.6 (a-c) ALK, APMT and APM samples (respectively) after 216 h of exposure in LBE at 800 
0C with 10-7 wt% oxygen; (d-f) ALK, APMT and APM (respectively) after 216 h of 

exposure in LBE at 700 0C, containing 10-7wt% oxygen. 

5.1.7 XPS spectrum of the oxide structures formed on APM from the test in LBE at 800 0C /10-

7 wt% oxygen, after 432 h of exposure. A lack or poor shaping of the Al- and Cr- oxide 

signals indicates a porous or discontinued oxide scale formation, due to the insufficient 

oxygen concentration. 

5.1.8 Test in LBE at 700 0C /10-6 wt% oxygen, after 648 h: (a) mostly Al-oxide one layer in 

APM (highest Al wt%); (b) double layer – inner mostly Cr- (Fe-) oxide, outer mostly Al-

oxide in ALK (lowest Al wt%); (c-d) inner Al-oxide, outer Cr- (Fe-) oxide in APMT 

(opposite to ALK). 
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5.1.9 Raman spectra of the oxide phase formed on ALK sample (4.0 wt% Al) after 216 h of 

exposure to LBE at 700 0C with ~ 1×10-6 wt% oxygen concentration in liquid. Detected 

peaks belong to Cr2O3, Fe3O4, and possibly to iron-chromium-spinel, FeCr2O4. 

5.1.10 Raman spectra of the oxide scale formed on APMT sample (5.0 wt% Al) after 216 h of 

exposure to 700 oC LBE with 1×10-6 wt% oxygen dissolved. α-Al2O3 phase detected in a 

broad F2g band and its shoulder (630-650 cm-1). Fe3O4 and Cr2O3 signals from the primarily 

formed outer layer, and some hematite (Fe2O3) possibly from the secondary oxidation of 

magnetite. 

5.1.11 Raman spectra of the oxide scales on APM (5.8 wt% Al) after 216 h in LBE at 700 oC with 

~ 1×10-6 wt% oxygen. Al2O3 peaks of Eg and A1g modes detected, with Cr2O3, FeCr2O4 

and Fe2O3 signals from the primarily formed outer layer, and less magnetite signals than in 

APMT. 

5.1.12 (a) APM and (b) ALK in LBE at 800 0C for 216 h, 10-6 wt% oxygen: dominantly Al-oxide 

formation; doubled-layer of Al-oxide found in APM (a) and APMT, unlike to ALK. 

5.1.13 Raman spectra of ALK from the test in LBE at 800 0C /10-6 wt% oxygen (216 h). Obvious 

higher abundance of peaks (signals) with TiO2 and Fe2O3 peaks detected, unlike to the 

ALK from 700 oC test (Fig. 5.1.8). 

5.1.14 XPS spectrum of the oxide structures formed on ALK sample after 216 h of exposure in 

LBE at 800 0C /10-6 wt% oxygen dissolved, at the depth of ~ 1 μm from the top of the oxide 

(oxide/LBE interface). The spectrum indicates the existence of Al2O3, Cr2O3 and Fe3O4. 

5.1.15 No thermal cycling (T = const.) tests in LBE: (a) ALK 550 0C after 96 h (4 days); (b) ALK 

550 0C after 216 h (9 days). 

5.1.16 Tests in LBE/1×10-6 wt% O without additional thermal cycle: (a) APM at 550 0C for 4 

days; (b) APM at 550 0C for 9 days; (c) APM at 600 0C for 4 days; (d) APM at 600 0C for 

9 days. 

5.1.17 Features from non-cycling test in LBE at 700 0C for 4 days: (a) a multiple-scale formation 

on ALK; (b-c) disintegration (fragmentation) in APMT, assisted by intergranular oxidation 

of Al and Cr (b), and by Pb-Bi intergranular attack (c); (d) multiple-scale formation, 

fragmentation and dissolution in APM. 

5.1.18 No significant difference between cycling and no-cycling tests at 5500 and 6000C for 4 

days: (a) APM 600 0C 4-days 1-cycle; (b) APM 600 0C 4-days no-cycle; (c) ALK 550 0C 

4-days 1-cycle; (d) ALK 550 0C 4-days no-cycle. 

5.1.19 (a – b) Spalling, breaking and delamination of oxide scales in the APMT and APM samples 

from the LBE test at 800 0C for 9 days, with an additional thermal cycle; (c) spalling and 

delamination of the oxide layers in the APM sample from the LBE test at 800 0C for 4 days, 

without an additional thermal cycle. 
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5.1.20 Internal oxidation in thermal-cycling tests: (a-b) APMT from LBE at 800 0C for 4 days; (c) 

APMT from LBE at 800 0C for 9 days; (d) ALK from LBE at 800 0C for 9 days. 

5.2.1 HAADF STEM images of oxide layers formed on ALK after 360 h of exposure to LBE at 

800 0C with 5×10-6 wt% oxygen, showing the three sub-structures in the outer oxide layer, 

the inner oxide layer, and locations of the subsequent figures presented in this section 

(Figures 5.2.4 to 5.2.9, from right to left). Figures 5.2.4 – 5.2.6 are obtained from the inner 

layer, while 5.2.7 - 5.2.9 belong to the outer layer and correspond to the Sub-layers 1, 2 

and 3, respectively. 

5.2.2 (a) HAADF image segment, with high-resolution EDS map scans (b-c) of the labeled area 

(green rectangle, far left). 

5.2.3 A detail from the dark-field TEM image (obtained by TitanX microscope) of the overall 

oxide zone in the foil (a), seen in HAADF mode (b), and scanned by EDS (c – e): the inner 

layer contains mostly Al-oxide (and some Cr- and Ti- oxide), while the outer has more Fe-

oxide and some Pb, besides Al-, Cr- and Ti- oxides. 

5.2.4 (a) HAADF image of the inner oxide layer and steel bulk, with the location of EDS map 

scan (green square) shown. (b-d) map reveals Al-oxide as the by far most dominant oxide 

in the inner layer, with some Ti and TiO2 near the steel-oxide interface. 

5.2.5 (a) HAADF image of the inner oxide layer and steel bulk (the one from Fig. 5.2.4.a) with 

the location of the two line scans, and a higher-resolution map scan (HRTEM) of the 

section in the inner layer (red square) shown. (b) clusters of Cr- and Ti-oxide found in the 

Al-oxide matrix; (c – d) linescans reveals again Al2O3 as the most dominant structure in 

inner oxide, with some Ti and TiO2 near the steel-oxide interface (zero position on the EDS 

line scans corresponds to the red line’s end closer to the attributed number, on Fig.3a); (e) 

Al-oxide, according to HRTEM, corresponds to the alumina (Al2O3) structure. 

5.2.6 (a) TEM image of the interface between steel bulk and inner oxide layer and (b) HAADF 

of the zoomed area (green square); (c) micro-diffraction pattern from the red spot on 

image(b), found to correspond to the [211] hcp crystal structure of elementary titanium 

(Ti); (d-e) EDS map scan of HAADF image (b), revealing the alumina (Al2O3) as a 

predominant oxide with some TiO2, and titanium (Ti) precipitates in the steel-oxide 

interface zone. 

5.2.7 (a) STEM image of the sub-layer 1 of the inner oxide layer (see Figure 2a); (b) an EDS line 

scan, corresponding to the line b on (a), reveals the dominant Al2O3 matrix (although less 

homogeneous and uniform) with some Fe- and Cr- oxides, and more Pb and Bi penetration. 

5.2.8 (a) A detail from Sub-layer 2 of the outer oxide layer; (b) Three EDS line scans over the 

structures in the detail, revealing more iron-based oxides with some Al- and Ti-oxide, and 

penetration of bismuth and lead; (c) HRTEM of the sublayer 2 and (d) FFT corresponding 

to the HRTEM image that confirms the Fe3O4 (magnetite) oxide structure. 
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5.2.9 (a) A detail from Sub-layer 3 of the outer oxide layer; (b) an EDS line scan and (c) electron 

diffraction pattern of the marked spot (image a) that corresponds to (211)hcp spacing of 

hematite (Fe2O3). 

5.2.10 (a) Dark-field TEM images showing the outer and the inner oxide layer in ALK sample 

exposed to 800 0C LBE in 1×10-6 wt% O for 216 h; (b) a segment from the outer layer, 

with denoted spot analyzed by HR TEM; (c) HR TEM of the spot from previous image 

with inserted FFT; (d) – (f) three EDS line scans (first two from the outer, last one from 

the inner one), corresponding to the spots labeled on image (a): dominantly Fe- and Al- 

oxides in the outer, and dominantly Al-oxide in the inner oxide layer. 

5.2.11 (a) Electron-diffraction pattern from the outer oxide layer, corresponding to the [100] 

diamond-cubic (dc) structure of spinel FeX2O4 (X = Fe, Cr or Al); (b) electron-diffraction 

pattern from the outer layer corresponding to the [100] dc spinel structure that overlaps 

with a [210]hcp of γ-Al2O3 structure; (c) and (d) electron-diffraction patterns from the inner 

oxide layer, corresponding mostly to the diamond cubic Al2O3 and monoclinic (m) Al2O3, 

with some of the unlabeled dots corresponding to Cr-oxide(s). 

5.2.12 (a) Bright-field TEM image of the oxide scale formed on APM sample exposed to LBE at 

700 0C /1×10-6 wt% O for 216 h, with steel and oxide phases labeled, as well as the zones 

of further investigation (yellow rectangle and orange circle); (b) a zoomed region showing 

portions of Fe-oxide grains inside the Al-oxide matrix; (c) Fe-oxide(s) and Al-oxide 

confirmed by EDS line scan (along the spot labeled on the image (b) above). 

5.2.13 (a) Dark-field TEM image of the oxide scale formed on APM exposed to LBE at 700 0C 

/1×10-6 wt% O for 216 h, with EDS line scan spots and spots analyzed by the electron 

diffraction labeled; (b) – (d) three EDS line scans reveal mostly Al- and Fe- oxide; (e) and 

(f) electron diffraction patterns of the marked spots on image (a) that correspond to FeX2O4 

(X = Fe, Cr) and Cr2O3 (e), i.e. to the amorphous Al2O3 (f). 

5.3.1 A preliminary XRF scan, for positioning the sample edge and preliminary detection of the 

elements in scanned region. 

5.3.2 (a) Recorded-intensity map (average intensity of the diffraction peaks); (b) Filtered-

intensity map displaying  spots with more than 6 peaks indexed as BCC iron; (c) bulk 

crystal orientation map in a narrow angle range (26.8 o - 27.0 o). The intensity drop-off line 
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fully correspond/fit/correlate with orientation drop-off line (borderline between red and 

yellow zone to the right on orientation map). Comparing b) and c) it can be seen that the 

peak intensity is reduced near the surface for [001] orientations indicating the formation of 

new grains. 

5.3.3 (a) Average peak width distribution of the scanned area; (b) Average peak width evolution 

along the patterns (three lines parallel to X-axis on Figure 5.3.3 a); (c-e) Broadening of the 

Laue (01̅3) peak width in 2θ direction from three arbitrary spots (corresponding to the 
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yellow dots on Fig. 5.3.2 a) plotted in 2D projection onto (031) plane (top), and in 3D view 

(bottom) with topographic projections (small images). 

5.3.4 (a) Three analyzed spots labeled on the average peak width distribution map (red dots); (b-

d) Streaking and splitting of the (01 ̅3) peak in more than one direction, as moving along 

the X-axis from the deep bulk towards the steel-oxide interface (corresponding to the red 

dots b-d on Image 4a). 

5.3.5 Dislocation density map corresponding to the area scanned by Laue μXRD. 

5.3.6 Distribution of the ε11, ε22 and ε33 (top to bottom, respectively) components of the deviatoric 

strain tensor. 

5.3.7 (a) Compressive principal strain and (b) tensile principal strain. In (a) and (b), projections 

of the principal strain axes on the XY-plane are denoted by arrows in every 3rd pixel. A 

zone in the bulk next to the steel-oxide interface suffers compression (due to both thermal 

expansion mismatch and internal oxidation), while below that zone there is a compensatory 

(reactive/consequent) tension maximum (green rectangle in Figure 5.3.6 b). 

5.3.8 (a) In-plane filtering orientation map in X-direction and (b) peak width map of the ALK 

sample polished only (not treated in LBE). 

5.3.9 (a) Recorded-intensity map, and (b – c) IPF maps along X- and Y-axis, respectively, 
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5.3.10 Average peak width evolution along the patterns 1 – 4 (three parallel lines, 1, 2 and 3, and 

the fourth one perpendicular to them on Figure 5.3.10 a). 

5.3.11 Distribution maps of (a) tensile and (b) compressive principal strain. 

5.4.1 Oxide scales formed on Kanthal samples after 216 h of exposure to Pb-Bi-Sb alloy at 700 
oC (a – c), and to Pb-Bi-Ge at 700oC (d – f). 

5.4.2 EDS scans of the three Kanthal steel samples at the steel-liquid interface cross-section after 

216 h (9 days) of exposure to Pb-Bi-Sb alloy at 700 oC: (a) APM - line scan, (b) APMT - 

line scan, (c) ALK - map scan. 

5.4.3 Sb accumulation next to Al-oxide, in presence of Fe and Cr (a possible sign of Fe-Sb and/or 

Cr-Sb intermetallics formation on APM). 

5.4.4 XPS spectrum of the APM sample after 216 h of exposure to Pb-Bi-Sb at 700 0C / EMF = 

0.89 V. 

5.4.5 EDS scans of the three Kanthal steel samples at the steel-liquid interface cross-section after 

216 h (9 days) of exposure to Pb-Bi-Ge alloy at 700oC: (a) ALK - line scan, (b) APM - line 

scan, (c) APMT - map scan. 

6.1 Results of the total oxide scale growth on three Fe-Cr-Al tested samples, in LBE at 700 oC 

for 648 h, with 1×10-6 wt% oxygen in LBE. 
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6.2 Oxide growth in the three Fe-Cr-Al tested samples, in LBE at 700 oC for 648 h, with 1×10-6 

wt% oxygen in LBE: (a) for APM, (b) for APMT and (C) for ALK. Secondary growth of the 

inner oxide in lower-Al-containing samples (APMT and ALK) shown independently from 

the initial oxide scale growth. 

6.3.1.  Diagrams of the grades as function of temperature, in non-cycling (left) and cycling regime 

(right): (a-b) overall grade, (c-d) thickness grade. (In all diagrams, solid lines represent 4 

days (96 h) tests, while dashed lines represent 9 days (216 h) tests. ALK is colored in black, 

APMT in red and APM in blue.) 

6.3.2. Diagrams of the grades as function of temperature, in non-cycling (left) and cycling regime 

(right): (a-b) quality grade, (c-d) breaking grade. (In all diagrams, solid lines represent 4 

days (96 h) tests, while dashed lines represent 9 days (216 h) tests. ALK is colored in black, 

APMT in red and APM in blue.) 

6.4 (a) Gibbs free energy, ΔG, and electrochemical potential, EMF, of formation of the oxides 

relevant in this study, and oxygen iso-concentration lines, with the red dot representing the 

test in LBE at 800 0C/ 5×10-6 wt%O; (b) Oxide map for the oxidation of iron-rich ternary 

Fe–Cr–Al alloys at 800 0C (red lines, according to Tomaszewich and Wallwork [146] and 

Weisenburger et al. [69]) and the position of ALK (red ellipsoid). 

6.5 A representation of the mechanism of oxide layers formation on ALK sample (4 wt% Al, 

800 0C, 5×10-6 wt% O): (a-b) Fe preferentially dissolves into the boundary layer of LBE next 

to the steel surface and encounters the oxygen first; (c) Fe-oxide layer forms first, then 

reduces the speed of Fe dissolution and of oxygen diffusion; (d) higher diffusion rate of Al 

than of Fe in bulk steel, along with the thermodynamics that favors Al-oxidation more than 

Fe-oxidation, enables the formation of an inner Al-oxide below the initially formed 

dominantly-Fe layer; (e) Further O diffusion through layers leads to further oxidation, 

dominantly of Al due to its faster diffusion and lower energy of Al-oxide formation than of 

Fe-oxide. This Al-oxidation appears now as internal oxidation which occurs more in grain 

boundaries, as Al diffuses faster by that pathway than through bulk (grains), so there are 

finger-like Al-oxide formations. 

6.6 (a-c) Three different steel orientations calculated on the same measurement, whose position 

is indicated in (d) peak width map by a black circle. Grain 3 is a small, sharp sub-grain 

forming with almost identical but distinct orientation from grain 1, and grain 2 is an entirely 

newly-formed grain. A close-up of (0 1  ̅3) peak of the grains 1 and 3 is given in Figure 

5.3.2.(c-e) and in Figure 5.3.3. 

6.7 Ellingham’s diagram of formation of the oxides relevant in this study (given in EMF and ΔG 

values), and oxygen iso-concentration lines, with the dots corresponding to the two tests (Sb-

test and Ge-test) presented in this study.  
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Chapter 1 

 

Introduction: Systems for energy generation and production 

 

 

1.1 Energy production worldwide 

The global electrical energy demands increased significantly in last several decades, and 

there are expectations of further, even faster increase in near future. According to a recent study 

[1], the projected increase from 2008 to 2035 is expected to be approximately 75%, i.e. to reach 

the value of 30, 000 TWh, unequally distributed by regions (Fig. 1.1.a) and by fuel type (Fig.1.1.b). 

New technological advances which develop along with increasing industrial capabilities are 

particularly responsible for a noticeable part of this growth. Though, the economic crisis affected 

this increase by partially slowing it down since 2009 [4, 5]. Since the majority of the energy is 

produced from fossil fuels (coal, oil, natural gas), the emission of greenhouse gas increases with 

industrial growth. According to one scenario, an expected global temperature increase is from 1.9 

to 4.0 K, while according to another scenario, it is from 3.6 to 7.5 K [2]. The so-called clean 

energies are the alternative that could meet the increasing energy demand without increasing 

greenhouse gas emission, among them hydroelectric, wind, nuclear and solar energy. Nuclear 

power plants provide 11% of the world’s electricity production, based on data from 2014, and 

according to the predictions this percentage might decrease by 2035 [3-4]. The resources of wind, 

hydroelectric and solar energy are strongly geographically related and limited, and these energy 

sources cannot fully satisfy the world’s needs without fossil fuels use as of today. Moreover, higher 

productivity demands more energy, which suggest that technological development and economic 

growth induce the increase in energy consumption [5]. 
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Figure 1.1: (a) World electricity consumption by region [6]; (b) World net electricity generation by 

energy source, 2012–40 [4]. 

On the other hand, the share of coal in the world energy production has decreased in the 

period from 2014 to 2016 due to the increase of wind and solar power use [7]. This subsequently 

resulted in change of the projections for near future (as of 2016 review) for wind, solar and coal 

(Figure 1.2). A promising alternative for fossil fuels that can produce a significant amount of 

energy is nuclear energy. However, there is a demand for improvement of existing and further 

development of novel nuclear technologies in order to enable the growth of the nuclear power 

share in the worldwide energy production.  

 

Figure 1.2: Projected energy production for wind, solar and coal for 2015-2040 period [7] (based on a 

2015-2016 assessment).  

Trillion kWh 
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As of November 2016, a total of 450 nuclear power plants in 31 countries with an installed electric 

net capacity of about 392 GW were in operation, and 60 plants with an installed capacity of 60 GW 

were under construction in 16 countries [8]. However, the net installed power is in a steady state 

position since the early ’90s (Figure 1.3). Some countries are interested in overcoming issues 

associated with nuclear power generation by fostering Generation IV nuclear concepts, that will 

help in the future to decrease air pollution, mitigate global warming, and ensure safe and reliable 

energy supply [9].  

 

Figure 1.3: Total global nuclear power generating capacity in operation between 1955 and 2016 (blue 

area, left axis). Annual additions (red bars, right axis) and the capacity of reactors going offline or 

being shut down (yellow bars, right axis) [10]. 

The use of solar energy is another alternative for the increasing energy demand without increasing 

greenhouse gas emission. Its use in last decade has significantly increased and came to be 

competitive with annual wind power generation (Figure 1.4). Market expansion in most of the 

world is due largely to the increasing competitiveness of solar power, as well as to new government 

programs, rising demand for electricity and improving awareness of solar potential as countries 

seek to alleviate pollution and CO2 emissions [12-13]. 
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Figure 1.4: Global cumulative wind and solar power installations, in Gigawatts (GW) of annual 

electrical energy produced, 2000-2020 [11]. 

 

1.2 Nuclear power generation and challenges 

In order to increase the share of the commercial nuclear power contribution in total world’s 

energy production, new nuclear concepts need to be developed to address some of the challenges 

conventional nuclear power has. One of the crucial challenges the nuclear power generation faces 

is the spent-fuel problem, i.e. nuclear waste disposal. Most of the countries that produce electricity 

from nuclear energy currently do not have long-term resources for storing nuclear waste [8, 14]. 

The Yucca Mountain nuclear waste repository project, that was projected to have 70,000 t capacity 

and costed over $9 billion, has been stopped during Obama’s Administration, due to the long-term 

public and political controversy (though there is a hope that it could be revived). However, the 

need to develop a viable plan for the spent fuel persists [15]. Geological disposal of spent fuel in 

a once-through open fuel cycle cannot provide a sustainable solution, leading to a closed fuel cycle, 

which reduces the spent fuel amount and allows nuclear fuel resources to be extended for > 1000 

years. The essential problem regarding the nuclear waste disposal is related to the production of 

transuranic elements (such as 234U, 237Np, 238Pu and 241Am), whose isotopes are alpha-emitters and 

have extremely long half-lives (~ 102 – 107 years). In thermal-neutron reactors, such as light-water 

reactors (LWR), these isotopes are created through neutron absorption and cannot be transmuted 

into shorter-lived nuclides by thermal (average energies of ~ 0.0253 eV) neutrons [16]. For this 

purpose, a fast neutron spectrum (10 keV- 20 MeV) is needed, as it is achieved by fast neutron 

reactors (known also as fast breeder or burner reactors, FBR). In such reactors, neutrons do not 
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slow down and hence no moderator is needed, while transuranic elements are being transmuted 

into stable or shorter-lived isotopes (and new fissile material, such as 239Pu, is produced). This 

requirement fosters the demand for small cross-sections for neutron interactions (absorption and 

scattering) and good gamma-shielding of the candidate coolant fluids for FBRs. Depending on 

material used for cooling, the fast reactors are classified as: gas-cooled fast reactors (GFR), liquid-

metal-cooled fast (breeder) reactors (LMFR or LMFBR) and molten-salt-cooled reactors (MSR). 

Liquid-metal cooled reactors include: heavy-metal-cooled fast reactors that use lead or lead-

bismuth-eutectic (LBE) as a coolant (here denoted as HMFR) and sodium-cooled fast reactors 

(SFR) which use sodium as a coolant [16, 17]. Advantages and disadvantages of each one of fast 

reactors are given in Table 1.1. It can be seen that reactors cooled by lead or LBE have operational 

and safety advantages compared to GFR, MFR and light-metal cooled reactors (Na, K, Li…), 

while light metals have slightly preferential heat-transfer properties and gases have no issues in 

reactivity, toxicity and corrosion. The major disadvantage of lead and LBE is their corrosiveness 

towards most types of the iron-based structural materials (and, partly, their toxicity). To date, most 

dominant fast reactor type in use is sodium-cooled fast breeder reactor (Figure 1.5 [21]). 

Table 1.1: Coolant properties of fast reactors (based on ref. [18-20]). 

Liquid 

metal 

Type 

of fast 

reactor 

Max 

operating 

temper. 

[0C] 

Opera-

ting 

pressure 

Thermal 

conduct. κ 

[Wm-1K-1] 

at 7000C 

Tmelt 

[°C] 

Chemical 

reactivity 

Corrosion 

issues 

Toxicity 

Na SFR ≤ 880 low 142 97.8 high low low 

Na-K 

(23:77) 

SFR ≤ 780 low 27.1 -12.6 high low low 

Pb HMFR ≤ 900 low 19.8 327.5 low medium high 

LBE HMFR ≤ 900 low 16.7 123.5 low medium high 

He GFR ≤ 850 90 MPa 0.3 -272.2 low low low 

2LiF– 

BeF2 

MSR ≤ 1100 low 0.9 460 low high low 

UF4 MSR ≤ 1400 low 0.4 1,036 low high high 
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In a fast breeder reactor (FBR), heat is removed from a small volume of fuel by a coolant 

that does not reduce the neutron energy. A heat exchanger is used to produce steam in a secondary 

loop which further drives the steam turbine [22]. This type of reactor requires initial charge of 

fissile material, and a supply of fertile material (usually 238U). More fissile material is generated 

than consumed, while excess neutrons are absorbed by the fertile isotopes, which are partially 

transmuted to fissile ones. Of course, the fast neutrons can also interact with other isotopes and 

transmute long lived isotopes to shorter lived species supporting the back end of the fuel cycle. 

 

 

Figure 1.5: A schematic of the Liquid-metal (Na) cooled fast breeder reactor (LMFBR) [21]. 

 

1.3  Solar power generation and storage 

An additional option to provide the greenhouse gas emission free power is concentrated 

solar power (CSP). Especially noteworthy are central receiver systems, which have a potential to 

achieve low costs in the long term due to their ability to reach high temperatures, leading to higher 

thermodynamic efficiencies [23, 24]. CSP generates electricity by concentrating the sunlight 

(using mirrors or lenses) onto a small area and subsequently converting it to heat, which then drives 

a heat engine, connected to the electrical generator [25, 26], or generates a thermochemical 
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reaction [27]. A scheme of CSP is represented in Figure 1.6 [28]. Heat storage in fluid for heat 

transfer (molten salts or heavy liquid metals) allows some solar thermal plants to continue to 

generate after sunset and adds value to such systems when compared to photovoltaic panels. The 

direct hydrogen production from water in CSP’s, when heat transport fluid temperature reaches 

9000C, has also a potential to increase the economy in these plants, making them more competitive. 

Moreover, combining CSP with hydrogen generation allows an energy delivery for 24 hours a day, 

since the excess amount of hydrogen produced daily can be used in fuel cells overnight to keep 

the electric supply stable. However, a CSP performance at > 8500C is a challenge for any type of 

oil based fluid, and new possible heat transfer fluids need to be considered. 

 

 

Figure 1.6: A schematic of a common CSP system [28]. 

Current solar heat transport fluids begin to disintegrate at ≥ 6000 C [29, 30], leaving only 

gases, liquid salts or liquid metals as potential fluid candidates. While gases have a low density 

and are therefore less efficient heat transport media, salts are known to have high melting points 

[31]. Recently, an assessment of liquid metal systems for heat transfer fluids in solar thermal power 

generation systems was presented by Pacio and Wetzel [32], where the authors considered a 

number of known liquid metals for which there has been previous operating experience. Three 

main systems considered were: molten Na, Sn and Pb-Bi eutectic (LBE). It was concluded that Na 

and LBE are particularly promising candidates with relative advantages and disadvantages, while 
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tin (Sn) has been excluded due to its poor compatibility with most of the structural material (metal) 

candidates. The work of Pacio and Wetzel pointed to the need for further research into the 

compatibility with structural materials at high temperatures. The advantages and disadvantages of 

each coolant type used (or for potential use) in central receiver systems are listed in Table 1.2. 

However, Na is known of being hazardous when in contact with water, and is an unlikely candidate 

for > 8500C application due to its boiling point of 8820C at 1 atm, which can lead to a dangerous 

situation in the event of a leak or release at high temperatures (causing severe issues in contact 

with moist air) [33]. Heavy liquid metals, at most LBE, have been found to be most appropriate 

candidates for this application. 

 

      Table 1.2: A comparison of liquid metals with actual heat transfer fluids used in central receiver 

systems (CRSs) [29]. 

Heat-

transfer fluid 
Relative advantages Relative limitations Ref. 

Nitrate salt 
High Cp and low cost allow 

for direct thermal storage; 

Non-toxic, non-flammable. 

Upper temp. limit ~ 600°C; High 

melting point (~220°C) of solar salt 

(NaNO3:KNO3 = 60:40 wt%). 

[34] 

Air 
Well-known, non-expensive 

extensive temperature range; 

direct cycle is possible. 

Limited heat transfer; Large pumping 

power; Indirect storage is needed. 
[35] 

 

Water/steam 
Well-known, non-expensive 

direct cycle is possible. 

Limited temperature range; High-

pressure required for direct cycle; 

Direct storage only in a small scale, 

indirect solution required for larger 

systems. 

 

[36] 

 

Liquid metal 
Stable at high temperature; 

Efficient heat transfer experi-

ence at high thermal loads. 

Low cp discourages direct thermal 

storage; Melting point above room 

temperature (with few exceptions). 

 

[32] 
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1.4  Thermodynamics of the heat transfer fluids 

Heat is defined in physics as the thermal energy that is being transferred across a well-

defined boundary around a thermodynamic system. Heat transfer is a process function (as opposed 

to functions of state) which means that amount of transferred heat depends on how the process 

occurs (i.e. on the path of the process). There are three mechanisms of the heat transfer between 

bodies (in absence of phase transformation): radiation, conduction (diffusion) and advection. 

Thermal motion and collisions of atoms and molecules in matter causes change in their kinetic 

energy, which results in dipole oscillation and excitation/de-excitation of atoms and molecules that 

produces electromagnetic radiation. This radiation depends on the temperature of the body 

(matter), lies dominantly in infrared, visible (high temperatures) and partly microwave (low temp.) 

zone of electromagnetic radiation spectrum, and is known as thermal radiation. The intensity of 

thermal radiation is given by Stefan-Boltzmann law: 

q = σT4,             (1.1) 

where q is heat flux [W×m-2] and 𝜎 = 5.67 ∙ 10−8 𝑊/𝑚2𝐾4 is Stefan-Boltzmann constant, while 

the Wien’s displacement law determines the most probable wavelength: λmax = b/T (b = 

2.897 ×10−3 m×K, Wien’s constant). Planck gave a full description of the thermal radiation power 

(emissivity) of black body per unit area of radiating surface per unit of solid angle and per unit 

frequency [167]: 

     (1.2) 

where c = 2.998 ×108 m/s is light velocity and h = 6.626 ×10-34 Js is Planck’s constant. 

Thermal conduction is the transfer of energy between objects that are in physical contact, 

by particles movement and transfer of electrons. In fluids (gases and liquids), conduction is due to 

the collisions and diffusion of molecules during their random motion. The ability of material to 

conduct heat is characterized by its thermal conductivity, κ, and heat conduction is expressed by 

Fourier’s law which states that heat transfer through the material is proportional to the negative 

gradient of temperature and to the area: 
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�⃗� =
𝛿𝑄

𝑑𝑆𝑑𝑡
= −𝜅 ∙ 𝑔𝑟𝑎𝑑𝑇,            (1.3) 

where �⃗� is the local heat flux [W×m-2], κ is the material’s conductivity [W×m-1K-1] and 

temperature gradient, gradT, is given in K×m-1. On the other side, material conduction, i.e. 

diffusion, is given by the First Fick’s law:  

𝐽𝑖 = −𝐷𝑖
𝑑𝐶𝑖
𝑑𝑥
 , 

and the Second Fick’s law: 

𝜕𝐶𝑖
𝜕𝑡
= 𝐷𝑖

𝜕2𝐶𝑖
𝜕𝑥2

 , 

where Ji is the diffusion flux of the component i in the system, Ci is concentration of component i, 

Di is the diffusion coefficient (diffusivity) of the component i, and x is the position along the 

direction of diffusion. 

In advection, thermal energy is moved by the physical transfer of the fluid from the hot to 

the cold zone. The advection equation governs the motion of a conserved scalar field (here thermal 

energy, or heat, Q) as it is transported by a known velocity vector field (i.e. fluid flow velocity, �⃗�). 

Assuming that the flow is incompressible (solenoidal velocity field, ∇ ∙ �⃗� = 0), it is expressed 

mathematically by a continuity equation: 

𝜕𝑄

𝜕𝑡
+ ∇ ∙ (𝑄�⃗�) =

𝜕𝑄

𝜕𝑡
+ �⃗� ∙ ∇𝑄 = 0       (1.4) 

This is a hyperbolic partial differential equation and is not simple to solve. If we assume a 

quasi-stationary linear heat transfer (not depending on time), one particular solution is: 

Q = |�⃗�|BΔT      (1.5) 

where Q is heat flux (W/m²), the integration constant B = ρcp (ρ - density [kg/m³] and cp - heat 

capacity at constant pressure [J/kg×K]), ΔT is the change in temperature (K), �⃗� is velocity (m/s). 

Thermal conduction and advection taken together give the thermal convection, a term which means 

heat transfer that includes both microscopic (diffusion) and macroscopic (flow) transport of matter 

(atoms, molecules, particles). 
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 Heat transfer coefficient, ξ = Q /ΔT = |�⃗�|B = vρcp [W×m-2K-1], and thermal conductivity, 

𝜅 =
𝑑𝑄

𝐴 𝑑𝑡 
𝑑𝑇

𝑑𝑥

  [W×m-1K-1], are the two most important quantities for characterization of the heat 

transport properties of fluids. It can be seen that dimensionally they are very similar. The desired 

properties of a heat transfer fluid are: (1) to be operable at high temperatures (increased thermal 

efficiency), (2) to have the thermophysical properties (Cp, κ, αV) optimized, and (3) to have 

minimal reactivity and corrosion issues. 

In high power density systems, just as nuclear power and concentrated solar power systems 

are, the efficient and nonreactive heat transfer fluids are the essential component. In order to 

achieve high thermal efficiency in these fluids, it is necessary to maintain the temperature 

difference in the system, between the ‘cold leg’ (heat uptake) and ‘hot leg’ (heat delivery), at the 

maximum possible. Since the cold-leg temperature (minimum temperature in the system) is limited 

by the coolant melting point, it is necessary to increase the hot-leg temperature as much as possible. 

Thermal efficiency of heat engine is defined as the ratio of the output work of engine and the input 

heat to the device, i.e. 

𝜂 =
𝑊𝑜𝑢𝑡

𝑄𝑖𝑛
= 1 −

𝑄𝑜𝑢𝑡

𝑄𝑖𝑛
          (1.6) 

since Qin – Qout = Wout. For an ideal cycle (ideal engine operation) that includes two isothermal anf 

two adiabatic processes, the limiting factors of thermal efficiency are the temperature at which 

heat enters the engine (Thigh) and temperature of the environment where the heat is exhausted (Tlow), 

according to the Carnot’s theorem, so the thermal efficiency is: 

𝜂𝐶𝑎𝑟𝑛𝑜𝑡 = 1 −
𝑇𝑙𝑜𝑤

𝑇ℎ𝑖𝑔ℎ
          (1.7) 

In gas turbines, that are part of the solar and nuclear generators, the Brayton cycle is 

present. It consists of two isobaric and two isentropic (ideal) or two isobaric and two adiabatic 

(real) processes. The water flow is continuously heated by coolant flow in secondary circuit and 

steam is being expanded in a turbine. The efficiency (real case) depends on the ratio of pressure 

inside the steam generator (P2) to the pressure outside (P1): 
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            (1.8) 

where γ = Cp/Cv is heat capacity ratio (‘adiabatic constant’) of steam in generator. 

 

1.5  Liquid Pb-Bi eutectic as a coolant: corrosion issues and mitigation strategies 

Lead-bismuth eutectic (LBE) has come into focus of thorough research several decades 

ago, as a potential heat transfer fluid in nuclear applications, mainly as a coolant in nuclear power 

plants, and in naval nuclear propulsion for alpha submarines in former Soviet Union [33]. It has 

been studied over decades, particularly in Soviet Union and Germany, due to its preferential 

thermophysical properties, as well as radiation concerns (radiation-protective properties of lead) 

[40, 50, 51]. This lead to a large database of LBE properties, helpful as a starting point for further 

research [37]. The interest in this coolant persists due to the Generation IV fast reactors as well as 

CSP systems. The favorable qualities of LBE are: large temperature range between the high boiling 

point of 1670 0C and low melting point of 123.5 0C, low viscosity, high thermal conductivity, 

decent heat capacity, low vapor pressure, small neutron cross-section and low chemical reactivity 

with other coolants [33, 38, 39]. Besides that, good gamma shielding, and high neutron yield make 

LBE-cooled reactors the best candidates in the Generation IV nuclear reactor design [41-43].  

Phase diagram of Pb-Bi binary system (see Figure 1.7) shows one of the main advantage 

of LBE over Pb: the melting point of LBE is more than 2000C lower than that of Pb, which makes 

the operation, maintenance and repair of LBE-cooled reactor safer, more reliable (freezing plugs 

avoidable) and cheaper [8]. During solidification (freezing), LBE has significantly smaller thermal 

expansion coefficient than Pb [3]. However, one disadvantage of using LBE in fast reactors, 

compared to Pb, is possible transmutation (by fast neutrons) of Bi into 210Po, a short-lived alpha 

emitter and neutron poison [8, 38]. 

The main disadvantage of LBE is high solubility of a number of structural-material alloying 

elements (constituents) in it at elevated temperature, which subsequently causes various material-

related problems in many Fe-based structural materials (in contact with LBE), such as liquid metal 

embrittlement [38, 45], liquid metal enhanced creep [46] and liquid metal corrosion [47-49]. 
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Figure 1.7: Binary phase diagram of Bi-Pb system [44]. 

The solubility of an element in LBE is described by the following logarithmic dependence 

[38]: 

log CS = A - B/T[K]          (1.9) 

where T is the temperature in K, while Cs is the saturation concentration (solubility) of the element 

in LBE (given in parts per million of weight, wt ppm). Figure 1.8 shows a solubility in LBE vs. 

invert temperature plot of the main steel alloying elements, where it can be seen that solubility 

increases with temperature elevation. Recommended values of constants (A as dimensionless, B 

in Kelvins) for Fe are: A = 2.0 and B = 4400, for Cr: A = 1.12 and B = 3056, and for Ni: A = 1.7 

and B = 1009 [38, 52, 53]. Due to the high dissolution rate of Ni from austenitic steels in contact 

with LBE at the temperatures > 450 0C, Ni-containing structural materials should be avoided at 

these temperatures [49, 54]. Part of this problem is increasing solubility as the temperature 

increases. This increases dissolution of the structural material components into the liquid metal in 

the zone of higher temperature. At the same time, these dissolved components precipitate from the 

liquid metal onto the structural material surface in the lower temperature zone in case of liquid 

metal flow [33, 38, 41, 47, 48, 55]. 
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Figure 1.8: Solubility of Fe, Cr and Al in LBE, in 670-1000 K temperature range (based on [38], [41] 

and [47]). 

The common strategy for mitigating the corrosion issues is based on active oxygen control 

coupled with a good understanding of passive layer formation on the structural material. Active 

oxygen control is performed by addition of a controlled amount of oxygen to the liquid alloy 

coolant, and keeping a continual monitoring of the oxygen concentration, to form a protective 

oxide scale on the solid surface [55-58]. Oxygen solubility in LBE follows the equation [38, 41]: 

log Cs = 1.2 – 3400/T[K]     (1.10) 

which implies that the solubility increases with temperature increase, as represented on Figure 1.9. 

If there is more oxygen available to LBE than the oxygen solubility limit at the actual temperature, 

the constituents of LBE (Pb and Bi) oxidize as well and form solid Pb- and/or Bi- oxide, which 

can cause plugging in flowing heat transfer systems [8, 38]. On the other side, a shortage in oxygen 

in LBE prevents the formation of oxide layers (passivation) on structural material’s surface, 

leading to the material loss through the liquid metal (LM) corrosion (i.e. uncontrolled dissolution 

of material’s components). Between these two extreme cases, there is a range of oxygen 

concentrations in LBE proper for oxide layers formation without Pb and Bi oxidation. In complex 

heat transport systems, maintaining the desired oxygen level constant everywhere in the system is 

difficult and occurrence of the oxygen depleted zones in static liquid LBE near the structural 

material surface may result in dissolution attack [41, 64]. 
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Figure 1.9: Oxygen solubility in LBE, temperature dependence (after [38]). 

The common way to maintain a well-controlled protective passive layer on structural 

material’s surface is to control the oxygen concentration in heavy liquid by controlling the 

electrochemical potential (i.e. the electromotive force, EMF) in the oxygen sensor. Sensors are 

based on the potential measurement method at null current for a galvanic cell built of a solid 

electrolyte as a cell membrane (where working electrode is the liquid metal with dissolved oxygen, 

while the reference electrode contains precisely defined concentration of oxygen inside the 

sensor’s head - either as air/Pt or Bi/Bi2O3 system). At a particular temperature and for a certain 

oxygen concentration (i.e. for a certain electrochemical potential or EMF) in liquid metal next to 

the liquid-solid interface various oxidation reactions on the structural material can occur. The order 

of oxidation of the elements from liquid and solid depends on temperature, oxygen concentration 

and chemical potential (Gibbs free energy change, ΔG) of oxidation, which can be represented by 

the Ellingham diagram (Figure 1.10). The formation of the oxide layers is possible because lead 

and bismuth are less chemically active than the major components of steel represented by a higher 

ΔG for their oxide formation than the steel based oxides. This allows the formation of protective 

oxides on the surface of the steel and changes a linear dissolution rate into a parabolic oxide layer 

growth law [33]. As a consequence, once the oxide scale is formed on the steel surface, the 

corrosion rate is being controlled (determined) by the diffusion through the formed oxides [41]. 

Ellingham diagram provides the thermodynamic information on whether the oxidation reaction is 

spontaneous (ΔG < 0) or not, but does not contain any kinetic information (reaction rate, etc.). 
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Figure 1.10: Ellingham’s diagram: the ΔG negativity of oxidation of steel and LBE components 

increases as Pb < Ni < Fe < Cr < Si < Ti < Al (based on [62] and [38]). 

The above mentioned mechanism leads to the use of structural alloys that should contain 

strong oxide formers with stable and diffusion limiting oxides, such as aluminum [63-65]. It has 

been found that 4-7 wt% of Al as an alloying element in steel is especially beneficial in mitigating 

the corrosion attack and excessive oxidation [63, 66, 67], by forming Al-oxide scale. Studies have 

shown that a continuous and adherent Al2O3 oxide layer provides an effective diffusion barrier to 

protect steel bulk from Pb and LBE attack [68-69]. The details about oxides formation on structural 

alloy surfaces and diffusive properties of oxide layers are discussed in Chapter 2 (Section 2.2). 
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1.5.1 Principles of oxygen concentration control in liquid metals 

To measure the oxygen level in LBE, several types of oxygen sensors have been developed 

[70-73]. In electrochemical terms, sensor operation is represented by the following equation [6]: 

𝑎𝑂
′ //solid electrolyte//O, PbO (liquid metal)         (1.11) 

where superscript prime denotes the reference, and the solid electrolyte is typically yttria-stabilized 

zirconia (YSZ, ZrO2-Y2O3). In this research, Pt/air oxygen sensor has been used, in which the EMF 

was produced because of the difference in oxygen activities between the oxygen in the air in the 

sensor’s reference (at 20.95%) and the oxygen in the liquid metal. The equation for the EMF that 

corresponds to the formation of a particular metal oxide (with the arbitrary chemical reaction, 

𝑥𝑀 +
𝑦

2
𝑂2 ↔ 𝑀𝑥𝑂𝑦) is given as: 

𝐸𝑀𝐹𝑀𝑥𝑂𝑦 = −
1

4𝐹
∆𝑓𝐺2

𝑦
𝑀𝑥𝑂𝑦

0 +
𝑅𝑇

2𝐹
{
𝑥

𝑦
ln(𝑎𝑀) −

1

𝑦
ln (𝑎𝑀𝑥𝑂𝑦) +

1

2
ln (𝑎𝑂2 𝑖𝑛 𝑎𝑖𝑟)}         (1.12) 

Here, R is the universal gas constant; T is absolute temperature; F is the Faraday constant; 

∆𝑓𝐺2
𝑦
𝑀𝑥𝑂𝑦

0  is the Gibbs free energy of formation of 2/y moles of 𝑀𝑥𝑂𝑦 oxide at temperature T (i.e., 

it is a function of T) . In the event the activities of the reactants and products are all unity; 𝑎𝑀 is 

the activity of the oxidizing metal (equal to 1 if the metal is solid or if the liquid metal is purely 

this oxidizing metal; less than 1 if the metal is only a part of the liquid alloy); 𝑎𝑀𝑥𝑂𝑦 is the activity 

of the oxide (equal to 1 if the oxide is forming a scale on the solid metal or is precipitating out of 

the liquid metal; less than 1 if the oxide is an oxide of one of the liquid-metal constituents and is 

not precipitating out of solution); and 𝑎𝑂2 𝑖𝑛 𝑎𝑖𝑟 is the activity of oxygen in the air reference of the 

oxygen sensor (equal to 𝑝𝑂2 𝑖𝑛 𝑎𝑖𝑟 1 atm⁄ O2; i.e., 0.2095 atm). This equation enables both to know 

the EMF at which a particular solid metal immersed in the liquid alloy oxidizes, and to determine 

the present oxygen activity in the liquid alloy [3]. EMF is derived from the Gibbs free energy as: 

EMF = -ΔG/nF      (1.13) 

where F is Faraday’s constant and n is a total charge transfer number (a number of electrons 

exchanged in the electrochemical reaction). EMF can be represented on Ellingham’s diagram, and 

interpreted in a similar but inverse way as ΔG: if the measured EMF is less than the EMF for 
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oxidation of the metal, the metal oxidizes. The EMF values of the formation of such oxides as 

functions of temperature are shown as the solid colored lines in Figure 1.11. For determination of 

the oxygen activity in the liquid alloy, it has been assumed that the element in the liquid alloy that 

forms the most stable oxide (i.e., the oxide with the most negative Gibbs free energy of formation) 

is the one that oxidizes first and takes up all the available oxygen, and that the oxygen dissolved 

in the liquid alloy is in the form of this most stable oxide. The fact that the liquid alloy is not purely 

comprised of the element that forms the most stable oxide is taken into account by setting that 

metal’s activity, aM, in equation (1.12) to a value less than one, whether a value from the literature 

or an estimation that sets the activity equal to the molar fraction of that metal in the liquid alloy. 

By these two assumptions, the oxygen activity in the liquid metal is represented in equation (1.12) 

by the variable 𝑎𝑀𝑥𝑂𝑦, where again the oxide being formed is the most stable one from the liquid 

alloy’s constituent metals. Therefore, the measured EMF is directly related to the oxygen activity 

in the liquid metal on the basis of thermodynamics. 

Oxygen activity can be converted into an oxygen concentration in the liquid metal if the 

oxygen concentration at saturation at the given temperature is known: 

𝑎𝑀𝑥𝑂𝑦 =
𝐶𝑀𝑥𝑂𝑦

𝐶𝑀𝑥𝑂𝑦
𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛     (1.14) 

It is equal to one when the solute oxide reaches saturation and begins to precipitate out of 

solution. The saturation oxygen concentration in the liquid metal as a function of temperature must 

be known beforehand in order to make the conversion. For some liquid metals, the saturation 

oxygen concentration has been determined experimentally and reported in the literature (such as 

for LBE, for which the saturation concentration function allows the plotting of the dotted 

concentration lines on Ellingham’s diagram, as in Figure 1.11). For many other alloys, such as the 

new alloys being explored in this project, the oxygen saturation concentration has not been 

determined, though. For these alloys, the oxygen activity cannot be converted into an oxygen 

concentration. Only the relative oxidizing power of the oxygen (the activity) can be found, not an 

absolute number of oxygen atoms per unit volume or per unit mass. Furthermore, the saturation 

concentration cannot be found solely from EMF measurements, which can give only the oxygen 

activity (the left side of equation (1.14)). Additional techniques, such as mass spectrometry or 

coulometric titration, are necessary to find the saturation concentration. 
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Figure 1.11: The Gibbs free energy (ΔG) and electrochemical potential (EMF) of formation of some 

oxides relevant in this study (solid lines), and oxygen iso-concentration lines (dotted lines). 

 

By setting an EMF value that is below the line of formation of protective steel oxides, such 

as Cr2O3, it can be assured thermodynamically that those oxides are able to form (but whether the 

oxide layers will actually form depends also on kinetics). The lines of formation of the metals’ 

oxides do not change from one liquid alloy to another, since they depend only on the oxygen 

activity, not on the liquid metal. This fact can be seen mathematically from Equation (1.12), with 

𝑀𝑥𝑂𝑦 being the solid-metal’s oxide and with 𝑎𝑀 equal to one. This means that measurement of 

the EMF alone is sufficient for controlling the oxidation power of a liquid alloy at one specific 

temperature. 

TiO2 
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The electrochemical potential in LBE measured by this electrode (as EMF) as a function 

of temperature and oxygen atom concentration is given [38] as: 

EMF (mV) = 790.7 – 0.071×T – 0.043×T ×ln CO,   (1.15) 

where T is given in K, and CO in ppm units. From the EMF reading of the oxygen sensor, the 

oxygen concentration level in LBE can be determined. Equation (1.15) for LBE (and similar ones 

for elemental Pb and elemental Bi) is a result of the experimental procedure based on the 

coulometric titration method or the other methods, as described in Chapter 4 of the Reference [38]. 

 

1.6  Motivation for this work 

LBE has proved to be a promising fluid for heat storage and transport applications in 

nuclear and solar power generating systems, due to its thermophysical and nuclear advantages. In 

order to further improve its thermal efficiency, it is a goal to push the operating temperature in 

these systems up to 800 oC or more. However, a major drawback in using LBE at such temperatures 

is increasing solubility of chemical elements and the potential for liquid-metal-assisted corrosion 

of solid materials. A motivation for this research is to find the efficient strategy for mitigating these 

issues at temperatures higher than used by now.  

There are at least three alternatives for mitigation: (1) adding elements into structural 

materials, (2) adding oxygen into LBE (followed by monitoring the oxygen level) to provide 

formation of protective oxide layers on structural material, and (3) adding another element X into 

LBE (i.e. designing a novel Pb-Bi-X alloy) that either reduces solubility of elements from 

structural material into LBE or enables formation of oxide and/or intermetallic layers on solid 

surface. The goal is to optimize the properties of LBE at 800 oC, and to analyze and determine the 

structure of these layers, as well as the mechanisms of their formation and protectiveness. For this 

reason, it is important to understand the principles of oxide layers formation and their analyzing 

(studying), including the basics of spectroscopic and microscopic methods for solid state materials 

research. This is given in the following chapter, along with formulation of the research focus and 

goals of this study.  
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Chapter 2 

 

Theoretical Background 

 

 

2.1 Oxide layers formation 

The oxidation of a metal proceeds by a chemical reaction such as: 

Fe + ½ O2 → FeO     (2.1) 

The standard free energy change for this reaction is given by the standard Gibbs free energy 

of formation, ΔGf
0, for one mole of product formed from the constituent elements [74]. To compare 

the thermodynamics of various oxides formation, it is common to compare their free energy of 

formation per mole of O2, as represented on Ellingham’s diagram (Figure 1.10). The slope of the 

line of ΔGf
0 on Ellingham’s diagram is given by the standard entropy of oxide formation, ΔSf

0: 

ΔGf
0 = ΔHf

0 - T×ΔSf
0, where ΔHf

0 is standard enthalpy of formation. The oxidation reaction is 

spontaneous as long as ΔGf
0 < 0. In molten metals and alloys, such as LBE, dissolved oxygen is in 

either molecular (O2) or radical (O·) form. Initial stage of oxidation involves the chemisorption of 

oxygen anion on a metal surface. The generated electrical field on surface promotes the intrusion 

of oxidized metal atoms (cations, such as Fe2+ or Fe3+) into the plane of absorbed oxygen ions to 

produce the two-dimensional (2D) monolayer which then grows into oxide structure, following 

the Wagner’s theory of oxidation [74-77]. According to this model, oxide layers grow both from 

the initial metal (substrate) surface outward, and from the initial metal surface (or from outer oxide 

layer) inward. In oxidation process, charge transfer occurs. Metal cations, produced by oxidation 

of metal atoms at the substrate surface, diffuse outward through the oxide layer, along with 

outward migration of electrons produced by the oxidation reaction [74]. Anions of O2- diffuse 

inward through the oxide layer from its outer surface. 
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Homogeneous oxide layer growth in air as well as in oxygenated LBE relies on a diffusion-

based mechanism [75]. Wagner [76] proposed the mechanism of high temperature oxidation 

kinetics, which supposes logarithmic rate law, valid for the initial oxidation of many metals 

(including Fe, Ni, Cu, Zn, Al, etc.): 

y = k1·log (ct+1),     (2.2) 

and parabolic rate law, valid for all the rest of oxide growth processes on many metals as well (Fe, 

Cr, Cu, Co, Ni, Al, etc.): 

y2 = k2t + C                      (2.3) 

where y is the oxide layer thickness, k is the reaction rate constant, and C is a constant that is to be 

determined from the experimental data. However, in oxygenated LBE environment at high 

temperatures, dissolution of steel components from the surface and dissolution of oxide occur at 

the same time as the oxidation and oxide growth [8]. In austenitic and martensitic steels, with 

increasing operation temperature (> 5000C) and Fe content, the amount of Fe reaching the 

liquid/oxide interface increases, and the new oxide layer (Fe-rich outer layer) forms above the 

initially formed Fe-Cr-spinel, at the liquid/oxide interface. Thus a duplex-oxide layer forms on the 

steel surface (Figure 2.1.), based on the model proposed by Zhang and Li [79], but a detailed 

mechanism of the oxide layers formation has not been completely revealed so far. Pure Fe grows 

a thick and non-protective magnetite (Fe3O4) layer on its surface, while austenitic alloys are 

reported to form a multilayer oxide structure, with the outer layer being a non-protective Fe3O4, 

while the inner layer being dominantly a protective Fe-Cr-spinel (although the exact spinel crystal 

structure has not previously been determined) [8, 80]. 

 

Figure 2.1: Oxide structures formed on austenitic steel in oxygenated LBE at temperatures above 

5000C, according to Zhang & Li [79]. 

Mueller et al. [39, 66] proposed the mechanism of oxidation of the Fe–9Cr martensitic steel 

in pure liquid Pb at 5500C in which the Fe–Cr spinel layer grows at the metal/oxide interface 
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because oxygen diffuses easily through the spinel scale to the metal/oxide interface. On the other 

hand, iron ions diffuse from the metal to the external interface leading to the growth of magnetite 

scale (spinel/steel and spinel/liquid), as represented on Figure 2.2. 

 

Figure 2.2: Müller et al.’s steel oxidation mechanism in liquid lead [66]. 

According to Martinelli et al. [81-83], oxidation is diffusion-controlled process, and 

oxygen is transported by liquid metal nano-channels. Chromium atoms remain fixed in the 

austenitic steel matrix (consumed steel volume is equal to formed Fe-Cr-spinel volume), while Fe 

diffuses and forms outer magnetite layer that grows at magnetite/liquid interface (Figure 2.3) [82]. 

Fe-Cr spinel grows at spinel/steel interface and inside the Pb-Bi nano-channels until they are 

completely filled. Because of the different porosities in the magnetite and in the Fe–Cr spinel 

scales, the nano-channel number and their diameter are different in the two scales, and the lead 

quantity is higher in the magnetite scale than in the Fe–Cr spinel one [81], as represented in Fig.2.4. 

 

Figure 2.3: Oxide growth interfaces and original steel interface localization in T91 austenitic steel (by 

Martinelly et al. [82]). 
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Figure 2.4: Oxygen transport across the oxides scales by the liquid metal diffusion (by Martinelli et al. 

[81]). 

With the increase of temperature above 500 0C, a solubility of nickel as a constituent of 

austenitic steels becomes so extensive that the other steel types must be considered more instead 

of austenitic. The attempts in improvement of corrosion resistance by alloying the steels with 

strong oxide-forming elements have been reported [63-65]. Al-rich ferritic (bcc) steels are proven 

to be good candidates. Aluminum addition to the steel composition has shown to be beneficial in 

preventing corrosion attack and severe oxidation, by forming a thin, stable Al2O3 scale, which 

meets both the corrosion protection and the thermo-mechanical requisites [63, 66, 67]. Studies 

have shown that Al2O3 oxide layer, if formed as continuous, dense, and adherent, provides an 

effective diffusion barrier to protect steel bulk from heavy liquid metal attack, and a low Al-level 

(as of 4-7 wt%) is enough since selective oxidation of Al occurs [69]. In ferritic Fe-Cr-Al alloys, 

Cr and Al contents of 12.5 – 17.0 wt% and 7.5 – 6.0 wt%, respectively, are high enough to obtain 

a thin, stable and protective alumina scale on Fe–Cr–Al alloys exposed to oxygen-containing Pb 

and LBE at temperatures 400-6000C, while lower Al concentrations lead to the formation of Fe- 

based spinel-type oxides: (Fe1-x-yCrxAly)3O4  single layer at 400-5000C (2-5 μm), and Fe3O4 + (Fe1-

x-yCrxAly)3O4 double layer (up to 15 μm total) at 6000C [69]. Magnetite and spinel have low thermal 

conductivity, with magnetite tending to spall off [84] while spinels generally being regarded as 

less protective (in sense of diffusion) [67, 69, 84, 85]. The higher Cr content present, the lower Al 

is acceptable (in 4-7 % range), at 400-6000C temperature range, for formation of Al-oxide: 6% Al 

is enough when 16% Cr is present, while 7% Al when it is only 12% Cr. Fe-Cr-Al alloys display 
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a so-called ‘third element effect’ (TEE), where Cr (having an oxygen affinity in-between those of 

Fe and Al) is supposed to induce a transition between the internal and external oxidation of Al on 

ternary alloys under lower Al levels than for binary Fe-Al alloys [165, 166]. The grown alumina 

scales are transient polymorphs [69], while it is known that these polymorphs gradually transform 

into stable alumina [86] and transformation of γ-Al2O3 into α-Al2O3 implies a volumetric change 

of around 14% [87]. 

While the oxide layers themselves have been subject to numerous studies, the interaction 

between the oxide layer and the substrate steel have received only limited attention. In case of high 

temperatures and higher oxygen concentrations in LBE, the diffusion of oxygen through the oxide 

layers and into the steel bulk can become significant and can lead to the internal oxidation of Al, 

particularly along the grain boundaries [153]. A strain generation in oxide and in near-oxide bulk 

due to the mismatch between the crystal structures of the oxides in scale and of the bulk has been 

reported previously [85, 88]. Along with this, there might be the thermal expansion coefficient 

mismatch between oxides and bulk, especially in cooling at the end of heat transfer systems 

operation [88, 89, 91]. Therefore, both the crystal lattice misfit and the thermal expansion 

mismatch can contribute to the oxide scales failure (spalling and breaking) by inducing a strain in 

oxide scale. The influence of Cr content on the microstructure and interfacial adhesion of the oxide 

scale formed on steel alloys has been investigated [65, 181] and it was found that the Cr-oxide 

layers survived up to 5% of the tensile strain, while the Cr content in oxide phase determines the 

adhesion strength of the scales. Abad et al. [69] investigated the binding strength between the oxide 

layers and metals by using small scale mechanical testing, but the strain in metal upon cooling of 

oxidized samples has not been evaluated. It may cause breaking and spalling of oxide layers 

especially if thermal cycling [88-92] is considered (as in solar thermal applications, such as CSP). 

2.2 Microscopic and spectroscopic methods of oxide layers characterization 

A number of studies on oxide layers structure and formation dynamics on solid samples in 

liquid metals environment have been performed, and several models of formation proposed [81-

83, 93-96]. Microstructural investigations of oxides included scanning electron microscopy (SEM) 

with energy dispersive X-ray spectroscopy (EDS) [68, 97-100], atomic force microscopy (AFM) 

and magnetic force microscopy (MFM) [99-102], conductivity atomic force microcopy (C-AFM) 

and surface-potential microscopy (SPM) [102], Raman spectroscopy [103-105], transmission 
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electron microscopy (TEM) [85, 98], X-ray photoelectron spectroscopy (XPS) coupled with 

sputter-depth profiling [68, 98], X-ray diffraction (XRD) [66, 99, 104] and nano-indentation [100, 

103]. A majority of these studies deal with austenitic and ferritic/martensitic (F/M) steels, but 

much less with ferritic, ODS steels, etc. The fundamentals of some of these techniques (those that 

have been utilized in this study: SEM, EDS, TEM, XRD, Raman and XPS) are presented here. 

2.2.1 Scanning Electron Microscopy, and Energy-Dispersive X-ray Spectroscopy 

In scanning electron microscopy (SEM), the image of a sample is produced by scanning 

the surface with a focused beam of electrons. A signal, obtained in the detector, results from the 

interactions of the electron beam with atoms at various depths within the sample. Due to the very 

narrow electron beam, SEM micrographs have a large depth of field yielding a characteristic three-

dimensional appearance useful for understanding the surface structure of a sample [106]. A range 

of possible magnification is from 20 times up to > 500,000 times. For SEM imaging, specimens 

must be electrically conductive (at least at the surface) and grounded to prevent the accumulation 

of electrostatic charge. Therefore, non-conducting materials need an ultrathin coating of 

electrically conducting material (usually Au, Au/Pd, Pt, Ir, W, etc.) deposited by low-vacuum 

sputter coating or by high-vacuum evaporation [107]. 

In scanning electron microscope, an electron beam is thermionically emitted from an 

electron gun fitted with a tungsten filament cathode (due to tungsten’s highest melting point and 

lowest vapor pressure of all metals, and its low cost). The electron beam, ranging 0.2 – 40 keV 

energy, is focused by condenser lenses to a spot of 0.4 – 5 nm diameter, then passes through the 

pairs of scanning coils (or pairs of deflector plates) in the electron column, which deflect the beam 

in the x and y axes so that it scans the sample surface over a rectangular area. The interaction 

volume in the specimen is teardrop-shaped (0.1 – 5 μm into the specimen surface). Primary 

electrons can be reflected by elastic scattering or absorbed by specimen, detected by the specialized 

detectors, and used to create images of the distribution of specimen current [101]. Signal is 

amplified and displayed as variations in brightness on a computer monitor where each pixel of the 

video memory is synchronized with the beam position on the specimen. Therefore, the resulting 

image is a distribution of the intensity of signal emitted from the scanned area. A schematic 

representation of the components of scanning electron microscope is given in Figure 2.5. 
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Figure 2.5: A schematic of a scanning electron microscope [101]. 

Energy-dispersive X-ray spectroscopy (EDS or EDX) is an analytical technique for the 

elemental analysis or chemical characterization of sample, and its setup is usually coupled with 

electron microscopes. The elemental detection is based on the detection of characteristic X-rays 

emitted by the sample elements. The core EDS setup consists of the excitation source, the X-ray 

detector, the pulse processor system and analyzer. Excitation source is electron beam from SEM 

(or TEM), which expells out an electron from the inner shells of sample’s atom. X-ray is emitted 

once the electron from an outer shell occupies the hole in the inner shell (remained after removal 

of the inner electron), and is detected by converting X-ray energy into voltage signals in detector. 

The signal is measured by pulse processor and displayed by analyzer. A schematic of the 

production of X-rays by the electron beam from SEM and the X-ray detection in EDS detector is 

represented in Figure 2.6. 

(a)  (b)  

Figure 2.6: A schematic representation of (a) the EDS detection system and (b) principles of generating 

the X-rays by the electrons from SEM electron beam. 
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2.2.2 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of 

electrons is transmitted through a specimen (a foil ≤ 100 nm thick, or a suspension on a grid) to 

form an image. In contrast to the light microscopes, whose maximum resolution, d, given as: 

𝑑 =
𝜆

2𝑛 𝑠𝑖𝑛𝛼
                (2.4) 

(where n is refraction index and α is the maximum half-angle of the cone of light that can enter the 

lens) is limited by relatively large wavelength of visible light (400-700 nm), the use of electrons 

in electron microscopes overcomes this limitation by the fact that electrons have much smaller 

wavelengths. The wavelength of electron is related to its kinetic energy via the de Broglie equation 

(with a relativistic correction, since electron's velocity approaches the speed of light) as: 

𝜆𝑒 =
ℎ

√2𝑚0𝐸(1+
𝐸

2𝑚0𝑐
2)

  ,            (2.5) 

where h is Planck’s constant, m0 is the rest mass of an electron and E is the energy of the 

accelerated electron. For an electron of E = 1 eV kinetic energy and rest mass energy 0.511 MeV, 

the associated de Broglie wavelength is 1.23 nm, about a thousand times smaller than 1 eV photon. 

In comparison to electromagnetic waves - visible light or X-rays (for diffraction patterns 

measurement) – electrons have an important advantage over them in a way that electrons can be 

focused easier. The optics of electron microscopes can be used to make images of the electron 

intensity emerging from the sample [108]. A diagram of TEM is shown in Figure 2.7.  

The electron gun consists of the filament, a biasing circuit, a Wehnelt cap, and an extraction 

anode (Figure 2.8) [109]. By connecting the filament to the negative component power supply, 

electrons are pumped from the electron gun to the anode plate and TEM column, thus completing 

the circuit. The thermionic emission current density, J, can be related to the work function of the 

emitting material via Richardson’s law: 

𝐽 = 𝐴𝑇2𝑒−
𝛷

𝜅𝛵            (2.6) 
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where A is the Richardson’s constant, Φ is the work function (the minimum energy needed to 

remove an electron from a solid to a point in the vacuum immediately outside the solid surface) 

and T is the temperature of the material. 

 

Figure 2.7: Block diagram of typical TEM, equipped with STEM capability and spectroscopic 

analytical systems (EELS and EDS) [108]. 

  

 

Figure 2.8: Cross-sectional diagram of an electron gun assembly, showing the electron extraction 

[109]. 



30 
 

 

Modern TEM have the capability of imaging in various modes: diff raction contrast imaging 

(imaging the variations in diff raction across the specimen), high-resolution imaging (imaging the 

phase contrast of the specimen), selected-area electron diffraction (obtaining diff raction patterns 

from selected areas of the specimen), high-angle annular dark-field (HAADF/“Z-contrast”) 

imaging (that uses incoherent elastic scattering of electrons to form images of atom columns), and 

performing EELS and EDS spectroscopy measurements with a small, focused electron beam. 

2.2.3 X-ray microdiffraction (μXRD) 

A crystal is a solid state substance constructed from a periodic array of atoms that form a 

crystal structure, where the atoms are organized into a periodic arrangement to minimize free 

energy. In order to obtain the information on crystal structure of solids, one of the most important 

techniques for this is the diffraction of the X-rays on the crystallographic planes, i.e. X-ray 

crystallography. The principles of this technique is that the atoms in crystal diffract the incident 

X-ray beam into various directions, and by measuring the angles and intensities of these diffracted 

beams a three-dimensional picture of the density of electrons within the crystal can be produced. 

From the electron density, the mean positions of the atoms in crystal and their chemical bond can 

be determined, as well as some other information. The technique is based on the discovery of Max 

von Laue in 1912, that X-rays can be diffracted on crystals (Nobel Prize in physics for 1914), and 

furtherly developed that same year by W. H. Bragg and W. L. Bragg (Nobel Prize in physics for 

1915). Namely, Bragg father and son applied the X-ray diffraction for determining 

crystallographic parameters. 

Atoms in a crystal lattice form regular planes with spacing d between each plane. Coherent 

X-rays incident upon the crystal planes can reflect from these planes and constructively interfere 

if the path length difference is a multiple of the wavelength of the light. Knowing the angle at 

which the light scatters from these planes allows determination of the distance between each plane. 

Many different planes may exist in a regular crystal lattice, defined by coplanar atoms in the 

various crystal sites throughout the lattice. The incident X-rays will therefore be capable of 

scattering off all these planes which leads to constructive interference at many different angles. 

Information about the crystal structure can be determined from this diffraction pattern. 
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According to Bragg’s law, the spacing between the crystallographic (atomic) planes 

defined by hkl planes is (see Figure 2.9): 

dhkl = nλ/2sinθ ,          (2.7) 

where θ is the angle between the incident light and the lattice planes, m is an integer describing 

the order, and λ is the wavelength of the incident light. X-rays are used because, to achieve 

measurable diffraction, the wavelength must be on the order of dhkl, and this is a requirement for 

constructive interference from reflecting planes in the crystal [110]. This can be represented by the 

Ewald sphere that shows the momentum transfer for all possible X-ray scattering directions and 

compares them to the momentum transfer associated with particular set of crystal planes in the 

sample [111]. A Bragg reflection occurs when one of the lattice points of the reciprocal space 

intersects the Ewald sphere (Figure 2.10.a). In monochromatic single-crystal methods the sample 

is rotated until reciprocal lattice point intersects the sphere. Sample rotations work well for large 

homogeneous single crystals, while for inhomogeneous or polycrystalline samples with small 

grains, rotations have significant drawbacks: during sample rotations, grains of the sample move 

into and out of a small beam. 

 

Figure 2.9: The interpretation of Bragg’s Law: Two incident x-ray electromagnetic waves (A and D 

respectively) of the same wavelength λ (monochromatic) are reflected on the two neighboring crystal 

planes, X and Y, distanced by the value d. Geometrically, both of the lengths (sides of the triangles 

BGE and HBE), GE and EH, are equal to d sinθ, meaning that |GE| + |EH| = 2dsinθ. The reflected x-

ray waves (C and D respectively) can form the diffraction pattern only if |GE| + |EH| = 2 d sinθ = nλ, 

where λ is the wavelength of incident and reflected waves. 

 Laue diffraction is a method that overcomes this problem. In Laue diffraction, a 

polychromatic incident beam with a well-defined direction but a wide bandpass is directed onto 
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sample, and several combinations of wavelength and Bragg plane indices h, k, l simultaneously 

satisfy Bragg condition, because of the wide bandpass, so the Ewald sphere surface is replaced by 

a volume in reciprocal space between the lower and upper bounds of the X-ray beam bandpass (as 

shown in Figure 2.10.b) [111]. Polychromatic (white-beam) microdiffraction (PXM) is a rapid 

variant of Laue method for determining the local crystallographic orientation of small sample 

volumes, and has the following advantages: (1) the sample does not need to be rotated which 

allows rapid analysis of polycrystalline materials; (2) the intensity distributions around a large 

number of different reflections can be simultaneously analyzed from the same sub-grain; (3) one 

can measure an uncompromised full three-dimensional reciprocal space intensity distribution 

when necessary by scanning the incident beam energy. With small X-ray beams, Laue method can 

precisely determine the orientation of grains (local texture), their elastic strain and dislocation 

distribution in the crystal lattice. Synchrotron X-ray Laue microdiffraction (μXRD) proved to be 

an efficient method for correlation of mechanical properties with local structure at a micron scale 

[119, 138, 139, 178-180]. 

(a)         (b)  

Figure 2.10: (a) Two-dimensional representation of the Ewald Sphere that represents the possible X-

ray momentum transfer (unit vectors s and s0 give the direction of the diffracted and incident beams), 

whereby Bragg reflection occurs when one of the reciprocal-space lattice points intersects Ewald 

sphere; (b) Ewald sphere picture for Laue diffraction: reciprocal space points located between the upper 

and lower bounds set by the maximum and minimum wavelengths are reflected. Laue image is 

composed of radial integrals through reciprocal space, where each integral includes weighting from 

absorption effects, geometrical effects and the incident beam spectral distribution (after [111]). 



33 
 

The overlapping Laue patterns from the illuminated grains and sub-grain volumes are 

recorded by an X-ray sensitive area detector and fit to find the centers of the reflections. The angles 

between the reflections are compared to the angles anticipated for the crystal structure of the 

sample. When the n(n − 1)/2 angles between n reflections have angles that match those predicted 

for a particular set of reflections, the reflections are assumed to be indexed [111]. Once 4 or more 

reflections are indexed, the probability for a false indexation is small. Based on the diffraction 

directions of the indexed reflections, the texture (orientation) and relative or absolute strain tensors 

are determined for the illuminated grains. Because polychromatic micro-diffraction produces Laue 

images from each sub-grain intercepted by the X-ray beam, instead of too few reflections 

associated with the diffraction, the typical problem is an overlap of many Laue patterns that must 

be disentangled (either by the direct experimental use of differential aperture X-ray microscopy 

[112] or by pattern matching/absorption sensitive methods [113]).  

Around each reciprocal lattice point corresponding to a reciprocal lattice vector Ghkl the 

scattered intensity is a function of the diffraction vector (where k0 and k1 are wave vectors of the 

incident and the scattered waves):  

Q = k0 – k1,             (2.8) 

or of the deviation vector:        

q = Q – Ghkl.             (2.9) 

In Laue diffraction, the incident beam and scattered beam directions define a line in 

reciprocal space [112, 114, 115]. The radial position along this line is determined by the 

wavelength of the scattered radiation. The misorientation vector �⃗⃗⃗�  (labeled as m in Figure 2.11) 

defined as a vector near the Bragg reflection [116 – 118]: 

�⃗⃗⃗� = �⃗⃗�
̂
− �⃗⃗�
̂
ℎ𝑘𝑙            (2.10) 

that gives the difference between the unit vector parallel to Bragg reflection (hkl) and an arbitrary 

direction in its vicinity [111]. 
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Figure 2.11: Graphical representation of the misorientation vector m as the vector difference between 

the unit vector that points toward a position in reciprocal space and the unit vector that points toward 

the nearest Bragg reflection [111]. 

In a typical μXRD data analysis procedure [119], all the Laue patterns are indexed with 

one or several possible crystal structures to obtain the local crystal orientation, and then the 

positions of all the indexed Laue diffraction peaks in each pattern are compared with the calculated 

ones to derive the deviatoric lattice strain tensor. In a common Laue-μXRD setup (given in Figure 

2.12.), the incident polychromatic (white) X-ray beam is focused by a pair of Kirkpatrick-Baez 

mirrors onto the sample on the movable stage (with six degrees of freedom). The reflected beam, 

after the diffraction on the crystallographic planes of the sample, is detected by the fixed detector 

for acquisition of the diffraction pattern data. An additional detector, Silicon Drift Detector (SDD), 

is used to detect the chemical elements in the analyzed sample, based on the X-ray fluorescence 

(XRF) spectroscopy. The usual spatial resolution in Laue diffraction is ~ 0.5 μm (while the 

maximum goes to ~ 40 nm), while the grain orientation resolution (angular resolution) is ~ 0.01°. 

 

Figure 2.12: Basic components in Laue-μXRD acquisition setup. 
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To analyze the μXRD data, at first two maps of the peak intensity are generated (with a 

defined referent scale of colors), corresponding to the size of the μXRD scan [120]. Here, the term 

“spot” refers to a position in the maps, while the term “pixel” refers to a position in the Laue 

pattern. For convenience, the value of the kth pixel in the ith spot of the Laue scan is denoted as 

𝐼𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑,𝑘
𝑖 . The value of the ith spot in the first map (𝐼𝑅𝐼𝑀

𝑖 ) is equal to the average intensity of all 

the pixels in the ith Laue pattern without any treatment, and is called the Recorded Intensity Map” 

(RIM). Mathematically, this procedure can be simply expressed as [120]: 

𝐼𝑅𝐼𝑀
𝑖 =

∑ 𝐼𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑,𝑘
𝑖𝑛

𝑘=1

𝑛
      (2.11) 

where n is the number of pixels in Laue pattern. The other map, Filtered Intensity Map (FIM), 

shows the average intensity of each Laue pattern after a filter has been applied. Filter is defined by 

defining a threshold value (𝐼𝑡ℎ𝑟
𝑖 ) for the ith Laue pattern. The threshold is defined as 𝑚 ∙ 𝐼𝑅𝐼𝑀

𝑖  

(where m is a constant), whereby the threshold selection influences the appearance of FIM. The 

filtered detector pixel intensity (𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑,𝑘
𝑖 ) is counted as zero if the recorded intensity 𝐼𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑,𝑘

𝑖  is 

less than or equal to the threshold value, while the treated pixel intensity is taken as the difference 

between the recorded intensity and the threshold value if 𝐼𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑,𝑘
𝑖  exceeds the threshold value 

[120]: 

𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑,𝑘
𝑖 = {

0,      𝑤ℎ𝑒𝑛  𝐼𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑,𝑘
𝑖 ≤ 𝐼𝑡ℎ𝑟

𝑖

𝐼𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑,𝑘
𝑖 − 𝐼𝑡ℎ𝑟

𝑖 , 𝑤ℎ𝑒𝑛 𝐼𝑟𝑒𝑐𝑜𝑟𝑑𝑒𝑑,𝑘
𝑖 > 𝐼𝑡ℎ𝑟

𝑖
  (2.12) 

The intensities of all the pixels in a Laue pattern are averaged to obtain the value of the 

corresponding spot in the FIM [120]: 

𝐼𝐹𝐼𝑀
𝑖 =

∑ 𝐼𝑓𝑖𝑙𝑡𝑒𝑟𝑒𝑑,𝑘
𝑖𝑛

𝑘=1

𝑛
     (2.13) 

Diffraction peak broadening is correlated to the defect density in a specimen, and comes from the 

local variation of the lattice plane spacing caused by dislocations strain fields. The peak width is 

defined as the average FWHM, in the unit of degrees, of all recorded reflections in each Laue 

diffraction pattern [121]. The shape of the diffraction peak can determine the type of the 

dislocations and if there is more than one slip system. Statistically stored edge dislocations occur 

only in planes perpendicular to the direction of the dislocation lines, and are characterized by the 
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isotropic continuous Gaussian, while the geometrically necessary dislocations are unpaired and 

non-correlated, and characterized by the Lorentzian peak shape [111]. 

The average strain of a measured unit cell can be determined by comparing the measured 

unit-cell parameters to the unit-cell parameters of undistorted material. Let Ameas be the matrix 

which converts a measured vector v into the measured crystal Cartesian coordinates, and A0 is the 

matrix for an unstrained unit cell which converts v into the Cartesian reference frame of the 

measured (strained) crystal. A position vector v in the unit-cell coordinates is found in the 

measured-crystal Cartesian-coordinate reference frame at position A0×v for the unstrained case 

and at position Ameas×v for the strained case. Hence, there is a transformation matrix T for the 

matrices Ameas and A0, which maps from unstrained to strained vectors [122]: 

Ameas= TA0       (2.14) 

The strain tensor components in the Cartesian-coordinate reference frame are: 

𝜀𝑖𝑗 = (𝑇𝑖𝑗 + 𝑇𝑗𝑖)/2 − 𝐼𝑖𝑗     (2.15) 

(where Tij and Iij are components of transformation matrix and of identity matrix respectively, 

while Tji are components of transposed transformation matrix) and contain both a hydrostatic strain 

(dilatation) and a distortion strain term, where the hydrostatic strain,  

𝛥/3 = 11+ 22+ 33

3
,     (2.16) 

is defined as the mean strain component along each Cartesian axis. Therefore, the total strain tensor 

is given as: 

𝜀 =

(
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𝛥
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𝛥
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0

0 0
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    (2.17) 

The first term is the deviatoric strain and the second term is the dilatational strain [122]. The 

principal strain direction is calculated as the eigenvector of the deviatoric strain tensor, where the 

magnitude of the eigenvector is the corresponding eigenvalue. 
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2.2.4 Raman spectroscopy 

The quantized modes of vibrations in a crystal lattice are called phonons. A phonon 

represents the collective motion of the entire lattice from a normal mode of vibration. Phonons 

interact with the other particles (like photons and electrons) and contribute to the specific heat of 

crystals (phonons are created by the energy transfer to a crystal) [105].The photon-phonon 

interaction is the basis for vibrational spectroscopy used to study crystals, such as Raman 

scattering.  

The Raman Effect is an inelastic light scattering effect resulting from the excitation or de-

excitation of vibrational modes. In case of a single molecule, an incident photon can either scatter 

elastically, known as Rayleigh scattering, or scatter inelastically and excite or absorb a vibrational 

mode of the molecule. In a crystal lattice, photon may scatter from a lattice phonon that will change 

the energy of the phonon. The energy loss or gain of the inelastically scattered photon corresponds 

to the energy of a vibrational level (or phonon level) of the system [105]. If a phonon is created at 

a higher energy state, the scattered photon will have less energy than the incident photon (if an 

incident phonon is annihilated, the scattered photon will have a greater energy than the incident 

photon). 

Raman scattering has a low probability of occurrence (only one of the 106 incident photons 

is inelastically scattered), and is performed non-resonantly, meaning that the energy of the incident 

photons does not equal any energy difference between any phonon levels of the lattice [105]. The 

excited state, created by the absorption of photon, decays either into the ground state (Rayleigh 

scattering) or into the vibrational excited state (Raman scattering). In the latter case, if a phonon 

is created, the Raman scattering is called Stokes scattering, while when it is annihilated, it is anti-

Stokes scattering (anti-Stokes being much weaker than the Stokes one). Rayleigh scattering and 

Raman scattering (Stokes and anti-Stokes) are represented in Figure 2.13. 
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Figure 2.13: Three modes of scattering of the incident photon (coming from the laser electromagnetic 

field): (a) Rayleigh scattering, where the absorbed and re-emitted photon have identical energies; (b) 

Stokes - Raman scattering, which involves the emission of a photon of lower energy than the absorbed 

photon (where the vibration level n = 1 becomes excited); (c) Anti-Stokes - Raman scattering, which 

involves the emission of a photon of a greater energy than the absorbed one (where the vibrational 

level n = 1 was initially occupied). 

When an oscillating electric field of the incident light (of a frequency ν0 and amplitude E0),  

E = E0 cos 2πν0t,             (2.18) 

interacts with the electron cloud of the lattice, it induces an electric dipole P given as  

P = αE,      (2.19) 

where α is the polarizability of the lattice. If the displacement of the lattice atom due to the lattice 

vibration (with frequency νm and amplitude q0) is 

q = q0 cos 2πνmt            (2.20) 

and expanding α as a linear function of q (for small amplitudes): 

𝛼 = 𝛼0 + (
𝜕𝛼

𝜕𝑞
)
0
𝑞 +⋯                  (2.21) 
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we obtain the following equation for polarizability, after combining the Equations 2.18-2.21: 

𝑃 = 𝛼0𝐸0𝑐𝑜𝑠2𝜋𝜈0𝑡 +
1

2
(
𝜕𝛼

𝜕𝑞
)
0
𝑞0𝐸0[cos{2𝜋(𝜈0 + 𝜈𝑚)𝑡} + cos{2𝜋(𝜈0 − 𝜈𝑚)𝑡}]     (2.22) 

where the first term on the right side of the Eq. 2.22 is the Rayleigh scattering term, while the 

second (𝜈0 + 𝜈𝑚) and the third (𝜈0 − 𝜈𝑚) terms are the anti-Stokes and Stokes term, respectively. 

The molecule is Raman-active when Stokes and anti-Stokes terms are non-zero, i.e. when there is 

a change in polarizability (𝜕𝛼 𝜕𝑞⁄ ) ≠ 0 that is caused by vibrations in the molecule or crystal 

[105]. 

 Since the electron clouds are three-dimensional entities, Eq. 2.19 must be expressed as a 

tensor that would incorporate the x, y and z directions: 

(

𝑃𝑥
𝑃𝑦
𝑃𝑧

) = (

𝛼𝑥𝑥 𝛼𝑥𝑦 𝛼𝑥𝑧
𝛼𝑦𝑥 𝛼𝑦𝑦 𝛼𝑦𝑧
𝛼𝑧𝑥 𝛼𝑧𝑦 𝛼𝑧𝑧

)(

𝐸𝑥
𝐸𝑦
𝐸𝑧

)    (2.23) 

where the 3 x 3 matrix in the Eq. 2.23 is the polarizability tensor, 𝛼𝑖𝑗, which is symmetric, i.e. 

𝛼𝑖𝑗 = 𝛼𝑗𝑖. If any of the components of this tensor change during a vibration, the vibration is 

Raman-active. The intensities of the Raman fundamentals are therefore determined by 

𝜕𝛼𝑖𝑗 𝜕𝑄⁄  where Q is a normal coordinate of the lattice. 

A typical system for Raman spectrometry, called frequently a Raman microscope system, 

consists of a laser for vibrational excitation of the molecules/atoms in the analyzed sample, the 

optical system for beam focusing and transferring (beam splitter, microscope, objective lenses), 

filters for filtering the Rayleigh scattering, and spectrometer equipped with fast-Fourier transform 

for Raman signal processing (Figure 2.14.). Raman microscope systems usually have a good 

spatial resolution by focusing to a spot size of the order of ~ μm. However, heating of the sample 

results in broadening of the Raman-active modes, as well as shifts to lower frequencies, due to the 

vibrational modes of a heated sample requiring less energy to excite. Laser power output can be 

reduced by neutral density filters, to prevent heating effects. A proper choice of the laser used 

should be made for each specific materials (solid compounds) analyzed. In order to avoid possible 

fluorescence as an interfering (unwilling) phenomenon, the argon laser has been used for steel 



40 
 

oxides analysis, as known to reduce the background in most of the d-element alloys and their 

compounds [123]. 

 

Figure 2.14: A typical Raman spectrometry setup, equipped with Ar-laser (514 nm) and a notch filter 

for the light intensity reduction. 

The laser light passes through a spatial filter with a pinhole, before entering the port of a 

light optical microscope. A beam splitter with an anti-reflective coating on one side (for preventing 

the interference from reflections) directs the light through the microscope objective and focuses it 

on the sample. The objective also collects the scattered light from the sample, where the light 

travels back through the beam splitter to the exit port of the microscope. The light scattered from 

the sample and collected by the microscope objective passes through the beam splitter within the 

microscope and exits the upper port of the microscope, where it is directed to the monochromator. 

A notch filter is used to eliminate the intense Rayleigh scattered light, which would quickly 

saturate the detector, and hide any Raman-scattered light at small wavenumbers. It usually allows 

the monochromator to detect Raman-scattered photons as low as of 100 cm−1 [105]. 

 

2.2.5 X-ray Photoelectron Spectroscopy 

 X-ray photoelectron spectroscopy (XPS) is a spectroscopic method used for a small area 

elemental composition and chemical state analysis of various materials surfaces, as well as for the 

analysis of insulating samples using electron beam neutralization during analysis, and depth 

profiling of surfaces and interfaces. 
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XPS spectra are obtained by irradiating a material with an X-ray beam (in the high vacuum 

conditions, ≤ 10−8 mbar) while simultaneously measuring the kinetic energy and number of 

electrons that escape from the top (usually 5 – 12 nm) of the analyzed material. A typical XPS 

spectrum gives the number of electrons detected as a function of the binding energy of electrons 

detected. Each element produces a characteristic set of XPS peaks at characteristic binding energy 

values (based on the electron configuration of the analyzed atoms, e.g., 1s, 2s, 2p, 3s, etc.) that 

directly identify each element that exists in or on the surface of the material being analyzed. The 

binding energy of each of the emitted electrons can be determined by using the following equation 

(based on the conservation of energy): 

𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜑) 

where Ebinding is the binding energy of the electron, Ephoton is the energy of the X-ray photons being 

used, Ekinetic is the kinetic energy of the electron as measured by the instrument and φ is a constant 

(“work function”) dependent on both the spectrometer and the material. 

 A typical XPS system consists of the X-ray source (~ 1.5 kV average energies), a system 

(optical components) for X-ray focusing onto the analyzed sample, the electron lenses for 

collection and collimation of the emitted photoelectrons (under the characteristic “take-off” angle) 

to the detector, an electron energy analyzer that measures the kinetic energy of the electrons in the 

common range of 0 – 1.5 kV, and electron detector that counts the number of the electrons. 

 

2.3 Research focus of this study 

As it has been shown, in heavy liquid metal alloys serving as heat transport fluids, it is 

necessary to achieve a good thermal efficiency by increasing the temperature difference in the 

system, i.e. by increasing the maximum reached temperature. Since most of the previous research 

in LBE-related topics and applications focused on temperatures no higher than 700-750 0C, the 

initial idea of this research was to go beyond that and to study the behavior of LBE towards 

structural materials at temperatures up to 800 0C, while maintaining a proper oxygen control in the 

test system. Due to the aforementioned reasons, Fe-Cr-Al alloys are found to be good candidates 

for structural materials sustainable in LBE at the given conditions, as they are proved to be capable 
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of formatting the protective Al-oxide (alumina) containing layers atop the surface. Here, the 

protective role of these oxide scales refers to their ability to establish controlled diffusion of the 

elements through them (in order to minimize the bulk material loss and penetration of liquid alloy 

elements) and to suffer minimum failures (breakings, delamination, spallation of the scales or their 

parts) during the test operation. However, the nature of these layers on Fe-Cr-Al alloys formed at 

800 0C is not well understood yet. 

A large part of this study addresses the passive films formed on Fe-Cr-Al materials exposed 

to LBE, while the rest is focused on the design of novel liquid alloys based on Pb-Bi (i.e. Pb-Bi-

X alloys, where X is an additive element) and the testing of the same structural materials in these 

alloys. 

The first goal of this study has been to analyze and compare the structure (chemical 

content) of the oxide layers formed on various Fe-Cr-Al alloys (candidate materials) in exposure 

to LBE at high temperatures up to 800 °C under oxygen control, after various exposure times. For 

this, a novel system for corrosion tests has been developed and used. Besides the desired 800 °C 

temperature, tests at 700 °C (and possibly lower temperatures) have been performed as well for 

the comparison of the temperature dependence, in various oxygen concentrations in LBE (between 

10-5 and 10-7 wt%). The aim was to see which candidate material is the most sustainable in LBE, 

i.e. develops the best oxide protection, at 700 0C and at 800 0C, with set oxygen levels. 

The second goal has been to analyze the oxide growth rate, i.e. the process of how the oxide 

layers grows over time. The aim has been to see the characteristics of this growth in tested materials 

(candidates) and the differences between them, as well as to analyze how Al-content and test 

parameters influence the process.  

The central goal of the study has been to determine the structure of the oxide layers (what 

oxides are present in which layer) and the influence of four factors on their formation: (1) Al 

content in solid materials, (2) temperature, (3) oxygen content in LBE, and (4) experiment 

(exposure) duration. The structural analysis has been performed by spectroscopic and microscopic 

methods (TEM, XRD, Raman and XPS). The subsequent aim here has been to determine and 

propose a mechanism of oxide layers formation (including the sequence /order of their formation 

depending on these parameters). 
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As mentioned above, it has been shown that there can be the crystal structure mismatch 

between the crystal structures of the oxides and of metal/alloy substrate. This mismatch might be 

one of the reasons for the oxide scales failure (breaking, spalling) that leads further to the 

uncontrolled material dissolution/loss. In addition, the internal oxidation of structural elements, 

and thermal expansion coefficient mismatch between oxides and bulk can contribute to the oxide 

spalling. Following the work scope mentioned here, it is the intention of this study is to examine 

what mechanism might be the most dominate one. 

The last goal has been to examine the influence of elemental minor additives to Pb-Bi 

eutectic liquid onto the improvement of its corrosion properties, i.e. to design novel Pb-Bi-based 

liquids of the form Pb-Bi-X (where X is an appropriate element) that would lead either to formation 

of the oxide scales of better structural and mechanical integrity or to the formation of intermetallic 

compounds that could be the alternative candidates for a protective scale. The design of Pb-Bi-X 

alternatives was planned to be performed by theoretical modelling, while the evaluation includes 

corrosion tests (using the same Fe-Cr-Al materials) at high temperatures with oxygen dissolved, 

and subsequent structural and compositional analysis of the protective layers formed. 
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Chapter 3 

 

Theoretical modeling of novel Pb-Bi-X alloys 

 
 

3.1 Designing Pb-Bi-X alternative alloys – finding the appropriate X additive elements 

As discussed above, one might explore other compounds than oxides as effective diffusion 

barrier and therefore protective scales. Molten zinc and gallium have been shown to form 

intermetallic protective layers (as compounds with Fe and/or Cr) in contact with Fe-based 

structural materials at elevated temperatures [124, 126]. On the other hand, yttrium has been found 

to improve the oxide scale adhesion to the bulk [125]. Pb and Bi possess low reactivity towards 

most of the elements from structural materials of common use (in the sense that they do not form 

intermetallic or ionic/covalent compounds with these constituents). However, one might explore 

how minor additions of additional elements to LBE might foster the formation of an intermetallic 

layer. The criterion for additional elements are as follow: the added amount of the third element 

must keep the melting point of the ternary system as low as possible (as closer to LBE melting 

point as possible, or lower) and the additional elements should not oxidize more readily than the 

steel alloying elements.  

This chapter presents the process of designing and modelling novel Pb-Bi-X ternary alloys, 

along with X elements-additions selection (based on thermodynamic considerations and modeling 

efforts) to be operable in a broad temperature range (defined by the ‘hot leg’ and the ‘cold leg’ 

temperatures as upper and lower limits). The theoretical results were evaluated via longer-term 

corrosion tests at high temperatures. The goal was to find possible alternatives for LBE to minimize 

the corrosion issue in Fe-Cr-Al ferritic alloys by forming both oxide and intermetallic layers as 

protection, in a broad range of temperatures, with minimizing the concentration of the X additive, 

while keeping its solubility in molten (liquid) Pb-Bi system. The following theoretical analysis 



45 
 

was undertaken mostly by our collaborator, Dr. David Olmsted, and is included here for 

completeness and with the permission of Dr. Olmsted. 

3.2 Principles and approach 

The selection of an X element as a candidate additive element and the design of Pb-Bi-X 

ternary alloy was done by assuming a Fe-Cr-Al steel as a reference structural material. The 

arbitrarily chosen operating temperatures in heat transfer system were: T1 = 800 0C (‘hot leg’, 

upper temperature) and T2 = 250 0C (‘cold leg’, lower temperature). Candidate additive species 

that can be added to LBE to form potentially passivating intermetallic compounds with Fe or Cr 

in the structural material were identified from a survey of binary Fe-X and Cr-X phase diagrams. 

The goal is to use intermetallic formation as a secondary passivation mechanism, besides the 

aluminum passivation (Al2O3 formation). The analysis, which included chemical properties 

(reactivity and affinity towards Fe and Cr, and electronegativity of X) and Gibbs’ free energy of 

MmXn intermetallic compound formation (in the form of FeXn or CrXn), identified the sixteen (16) 

elements as featuring the formation of intermetallic compounds stable to above 800 oC: X = B, C, 

N, Si, Ti, V, Co, Ge, As, Y, Zr, Nb, Sb, Hf, Re, and Pt. Of these, some were excluded prior to the 

further thermodynamic analysis: e.g., arsenic (As) was not considered as being highly toxic; 

rhenium (Re) and platinum (Pt) were excluded as too expensive. The predicted solubility of Si in 

LBE is very low (≤ 4 x 10-3 ppm weight, at ≥ 700 0C), which presents experimental challenges 

associated with its use as an additive species. These observations limited/reduced the initial set to 

only 10 elements to be considered as candidate additive species. 

The activity coefficients of Al, Cr, and Fe have been determined by using the ThermoCalc 

software package, with the TCFE7 CALPHAD database [127]. The composition assumed in the 

modeling was Fe–21.0 wt.% Cr–5.8 wt.% Al. This best matches the composition of Kanthal APM 

ferritic alloy (Fe-Cr-Al steel), one of the Fe-Cr-Al materials used in this research, whose 

composition is: 20.5 - 23.5 wt% Cr, 5.8 wt.% Al (nominal), 0.7 wt.% Si (max.), 0.4 wt.% Mn 

(max.), 0.08 wt.% C (max.) and the balance of Fe [61] (the composition of APM listed in Table 

4.1.1, Section 4.1). Based on the ThermoCalc database used in the modeling, this alloy is a single 

phase, bcc solid solution at 800 0C, while at 250 0C the database predicts that the equilibrium state 

of phase equilibrium would consist of two bcc phases, one Fe rich and one Cr rich.  
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The activity of O in LBE has been determined from the solubility of atomic oxygen in LBE 

(taken from ref. [38]) by using Henry’s law, assuming that at saturation the atomic oxygen (as the 

only form of oxygen dissolved in heavy liquid metals) is in equilibrium with PbO. The free energy 

of formation of PbO has been taken from the ThermoCalc software by using the binary database, 

while the activities of Bi and Pb in LBE have been calculated by using the ThermoCalc solder 

database, TCSLD3 [162]. For the modeling purposes, LBE was taken to have 0.445 weight fraction 

(44.5 wt.%) of Pb. 

The activities for the candidate additive species in LBE depend on the concentration of the 

additive X. The highest possible concentration (corresponding to the saturation limit of the additive 

in LBE) which gives a ‘liquidus’ temperature of 250 oC has been chosen. This is the composition 

that gives rise to the largest driving force for intermetallic formation, without raising the freezing 

point of the LBE above the cold leg temperature of 250 0C. The maximum concentrations (i.e. 

solubility) of each of the candidate additive species in LBE that were known from the literature 

are given in Table 3.1 (for Hf, V, B, Nb and Y there were no data available).  

Table 3.1: Solubility of candidate additive species in LBE at 250 oC from the literature data available, 

and sources of the data. No data available for Hf, V, B, Y and Nb (TC = Thermo-Calc solder database, 

TCSLD3 [162]). 

Element 

X 

Solubility in LBE at 250oC 
Source 

(at.%) (ppm-wt.) 

Sb 8.7 53000 TC 

Ge 1.7 x 10-2 59 TC 

Co 3.6 x 10-4 1 TC 

Ti 2.9 x 10-3 6.6 [6] 

Zr 2.3 x 10-3 10 [6] 

 

The activity coefficients of Sb, Ge and Co in LBE were calculated using the Thermo-Calc 

solder database, TCSLD1 [162]. For Ti, Zr, V, B and Nb it was not possible to calculate the activity 

coefficients neither by TCSLD3 not by Thermo-Calc aluminum database TCAL2, due to either 

inaccurate solubilities computing or lack of data (TCAL2 is intended to be used to model alloys 
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that are aluminum rich) [128]. Since the goal of the study is to determine those candidate additives 

that can be ruled out based on thermodynamic considerations, the most optimistic approach was 

taken, assuming that the activity for each one of these elements in LBE in saturation is 1. The 

activity of Hf in LBE is affected by the formation of compounds with Bi. The Thermo-Calc binary 

databases do not include Hf-Bi, therefore DFT energies from [129] and from Open Quantum 

Materials Database [130] have been used to estimate the formation energy of the compounds 

BiHf3, BiHf2 and Bi2Hf. Based on the formation energies, it has been assumed that Hf saturated in 

LBE is in equilibrium with Bi2Hf. Yttrium forms compounds with both Bi and Pb. Based on DFT 

formation energies from [129] for Pb2Y, Pb3Y, Bi3Y5 and BiY, it has been assumed that Y 

saturated in LBE is in equilibrium with BiY. 

In general, the desired reactions of oxidation (direct or reverse) and intermetallic formation 

for each one candidate additive could be represented by following: 

 

The free energy of formation from the standard state of the elements (ΔGForm
0) has been 

computed using the Thermo-Calc binary database, and where that was not available, other 

CALPHAD assessments or the zero-temperature DFT energy has been used. 

In a heat transfer system based on Pb-Bi-X heavy liquid alloy use, it is desired that 

passivation of the Fe-Cr-Al steel (Al2O3 formation on the steel surface) is thermodynamically 

favored, while oxidation of the additive species is disfavored for all temperatures relevant to the 

system operation. The upper limit for the oxygen concentration in LBE is defined by the oxygen 

concentration in LBE for which the free energy change for the reaction nX(LBE-X saturated at 250°C) 

+mO(LBE) → XnOm (solid) is zero (ΔG = 0) at 250oC (cold leg temperature). The lower limit of the 

oxygen window is defined as the oxygen level where the reaction 2Al(Kanthal APM) +3O(LBE) → 

Al2O3(solid) is in equilibrium at 800oC, and is equal to 1.1 x 10-12 ppm(wt.) O in LBE. Inside the 

oxygen window range, Al2O3 formation is enabled, while XnOm formation is prevented. If the 

upper limit value is smaller than the lower limit one, there is no oxygen window, which means that 
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Al2O3 formation on steel surface without XnOm formation in LBE is impossible (see Figures 3.1 

and 3.2). 

To estimate the upper bound for the oxygen concentration, and thus to assess whether there 

is a practical “oxygen window” for loop operation, the free energy of formation of Al2O3, TiO2, 

TiO, Ti3O2, ZrO2, NbO, NbO2, Nb2O5, and Y2O3 is taken from the Thermo-Calc software using 

the binary database. For Sb2O3, and HfO2, Ref. [131] has been used, and Ref. [132] for GeO2 

formation. For CoO, Co3O4, VO, V2O3, V2O4, V2O5, and B2O3, the NIST-JANAF Thermochemical 

Tables [133] have been used as the sources of the free energies of formation of these oxides. 

 

3.3 Results 

The partial molar free energies referring to the standard state (which give equivalent 

information to the activity coefficients) are shown in Table 3.2. Partial molar free energies (i.e. 

chemical potentials) are presented rather than activities, for this allows all of the contributions to 

the driving force for (or against) intermetallic formation to be expressed in the same units (kJ/mol). 

Table 3.2: Partial molar free energies of Al, Cr and Fe in Kanthal APM structural alloy. 

Temperature 

(oC) 

ΔGM (kJ/mol) 

Al Cr Fe 

250 78. 0.03 3.3 

800 83. 8.1 4.3 

Here, ΔGM is partial molar free energy of the reaction M(Kanthal APM) → M(standard state) (where 

M = Al, Cr, Fe). The thermodynamic modeling does not account for the microstructure of the 

Kanthal steel. While microstructural features such as grain boundaries could have significant 

effects on the kinetics of intermetallic formation, the microstructure is not expected to affect the 

thermodynamic activities of the Kanthal steel constituents (as the only relevant for the present 

study).  
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The oxygen concentration limits in LBE as minimum necessary for oxidation of the 

additive at 250 oC are given in Table 3.3. The dimension of the oxygen window for each one of 

the ten candidate elements (as given in oxygen concentration scale), whether being positive or 

negative, is illustrated in Figure 3.1. 

Table 3.3: Oxygen concentration limit at 250 oC. Oxygen solubility limits below 1.1 x 10-12 wt% 

oxyg. (yellow-highlighted) are incompatible with Al2O3 formation (passivation) at 800 oC. 

Element 

X 

Oxygen limit 

(ppm-wt.) 

Element 

X 

Oxygen limit 

(ppm-wt.) 

Sb 2.0 ×10-4 Zr 9.3 ×10-36 

Ge 1.2 ×10-9 Hf 3.5 ×10-36 

Co 1.7 ×10-5 V 3.7 ×10-24 

Y compatible B 1.6 ×10-23 

Ti 3.4 ×10-34 Nb 6.9 ×10-23 

 

The following elements: Ti, Zr, Hf, V, B and Nb, have been ruled out because they provide 

no oxygen window compatible with alumina passivation of Kanthal, meaning that the presence of 

these solutes is not compatible with the use of oxygen control to maintain Al2O3 passivation (see 

Figure 3.1 and Table 3). For yttrium (Y) as a candidate additive there is no upper limit because it 

is compatible with LBE saturated with oxygen at 250 oC. Oxygen window for Sb, Ge, Co and Ti 

has been represented on Figure 3.2: the oxygen concentration range (‘width’) of the first three of 

them decreases as Sb > Co > Ge, while for Ti there is no oxygen window. 

Table B1 (see Appendix B) assumes formation of the intermetallic from Sb, Ge, Co and Y 

with Fe or Cr in APM Kanthal steel, with the source for each compound indicated. Instead of the 

activity coefficient itself, the equivalent chemical potential with respect to the standard state (ΔGFe, 

ΔGCr or ΔGX) is given to make clear the relative magnitudes of these contributions to the formation 

free energy of the candidate intermetallic phases. 
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Figure 3.1: ‘Oxygen window’, i.e. the oxygen concentration range in which the heat transfer system 

can operate between 250 0C and 800 0C for each one of the ten candidate elements (X) of the ternary 

system Pb-Bi-X. The range is defined (calibrated) relatively to the oxygen level where the reaction of 

Al2O3(solid) formation at 800 oC is in equilibrium, which is 1.1 x 10-12 ppm wt. O in LBE (defined as 

lower limit) The upper limit is defined as the oxygen concentration in LBE for which the reaction 

nX(LBE-X saturated at 250°C) +mO(LBE) → XnOm (solid) is zero (ΔG = 0) at 250 oC. Only four candidate elements 

(Y, Sb, Co and Ge) have the upper limit below the lower and therefore have the oxygen window 

existing (labeled green), while for the rest six of the elements the oxygen window cannot exist. 

 

 It is also possible that an intermetallic could form from an oxide, such as Fe3O4 or Cr2O3. 

If Fe (Cr) in the oxide were in equilibrium with Fe in the Kanthal substrate (APM), the results of 

Table B1 (Appendix B) apply. If it is not in equilibrium with Kanthal, because of passivation, ΔGM 

would be different, but not less than zero. In any case, the most optimistic assumption is that Fe in 

the oxide is in equilibrium with bcc Fe in Kanthal (the same for Cr), in which case ΔGM = 0. For 

the most of the potential additives it turns out that this possibility is not relevant. For Fe3O4 to exist 

at 800 oC, the oxygen content of the LBE must be at least 5×10-3 ppm-wt. This is above the oxygen 

limit for all the candidate additives, as shown in Table 3.3. For Cr2O3 to exist at 800oC, the oxygen 

content of LBE must be at least 1.8×10-7 ppm-wt. The only candidate additive which forms a Cr-

intermetallic and is compatible with this level of oxygen is Co. This lowers the driving force for 

forming Cr0.64Co0.36 at 800oC to 2.11 kBT/atom as shown in Table 3.4. 
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Figure 3.2: (a-c) Existing oxygen windows for Pb-Bi-X ternary alloy (X = Sb, Ge, Co): the upper limit 

is the oxygen concentration in LBE for which the free energy change for the reaction XmOn(s) -> 

mX(LBE) + nO(LBE) is ΔG = 0 at 250 0C, while the lower limit is the oxygen level where the reaction 

2Al(Kanthal APM) +3O(LBE) → Al2O3(solid) is in equilibrium at 800 oC; (b) No oxygen window for Pb-Bi-

Ti ternary alloy: the upper (the “need at most”) oxygen concentration limit (the free energy change for 

the reaction Ti3O2(s) -> 3Ti(LBE) + 2O(LBE) is ΔG = 0 at 250 0C) is below the lower (the “need at least”) 

limit, defined by alumina formation reaction. 

 

(a) (b) 

(c) 
(d) 
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Table 3.4: Free energies as a function of temperature for formation of intermetallic from oxide. 

  

  

T 

(oC) 

ΔGM 

(kJ/mol-X) 

ΔGX 

(kJ/mol-X) 

ΔGForm
0 

(kJ/mol-X) 

Source of 

ΔGForm
0  

ΔGForm 

(kJ/mol-X) 

ΔGForm 

(kBT/atom) 

Cr0.64Co0.36 
250 0.00 0.03 -2.97 

TCBIN 
-2.94 -0.24 

800 0.00 66.42 -14.14 52.28 2.11 

 

ΔGX is the Gibbs free energy for the reaction: Co(LBE-X saturated at 250 °C) -> Co(standard state), while 

ΔGM of for the reaction Cr(Cr2O3) -> Cr(standard state) is assumed to be ΔGM = 0.  

ΔGForm
0 is defined for the reaction: nCr(bcc) + mCo(standard state) -> CrnCom (solid), and  

ΔGForm for the reaction: nCr(Kanthal APM) + mCo(LBE-X saturated at 250 °C) -> CrnCom (solid). 

The calculation showed that none of the studied intermetallics are predicted to form at 800 

oC based on concentrations of additive that are soluble at 250 oC and that would not lead to 

oxidation of the additive at 250 oC for an oxygen concentration in LBE of 1.1 x 10-12 ppm-wt, 

which is required for maintaining Al2O3 at 800 oC. For those four candidates that have the existing 

oxygen window (Sb, Ge, Co and Y), Gibbs free energy of formation of the most optimistic 

intermetallic compound of each one of them is represented in Figure 3.3. At 800 oC, ΔGform is the 

least positive for Ge and Sb. Yttrium has the most positive ΔGform among these four, at both 

temperatures, so it was excluded as the worst candidate for intermetallics formation. Only Ge and 

Co have the possibility of spontaneous formation of intermetallics at 250 oC (negative ΔGform), 

while Sb has it slightly positive. However, Cr-Co intermetallic formation at 800 oC has more 

positive ΔGform than Sb, and therefore is likely worse candidate than Sb, based on intermetallic 

formation criteria. 

 

Figure 3.3: Gibbs free energy of a particular intermetallic compound formation for each one of the four 

candidate additives with existing oxygen window. 
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The only candidate additives which appeared most favorable for passivation, to justify the 

experimental investigation, were Sb and Ge. For Cr3Ge the driving force opposing formation at 

800 oC is only 0.28 kT/atom. This means that small changes in the Ge content (e.g., by relaxing 

constraint of solubility at 250 oC) or due to uncertainties in the databases, could lead to 

thermodynamically favorable conditions for intermetallic formation. For example, modeling 

predicts that Cr3Ge formation is favored at 700oC, even though it is disfavored at 800 oC. For 

Fe1.38Sb the driving force against formation at 800 oC is 0.95 kT/atom, but the analysis is based on 

DFT calculations for Fe-Sb plus mixing entropy from the Fe interstitials. This ignores possible 

enthalpic stabilization due to the interstitials, so the actual situation is likely to be more favorable 

for intermetallic formation. Thus, the experimental investigation of Sb and Ge as an additive 

species has to be done for proving the results obtained by modelling. 
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Chapter 4 

 

 
Experimental Procedures (Methods and Techniques) 

 

 
4.1 Materials selection 

The three structural material candiates for this study are three ferritic Fe-Cr-Al alloys, 

provided by Sandvick (Kanthal): Alkrothal720 (ALK), APM (an advanced powder-metallurgical, 

dispersion-strengthened Fe–Cr–Al steel) and APMT (a version of APM with addition of 

molybdenum). The Fe-Cr-Al alloys were chosen as structural materials for corrosion tests in Pb-

Bi-X candidates due to their reported capability of alumina passivation (formation of protective 

Al-oxide scales on the steel surface) as discussed elsewhere [66-69, 104]. The austenitic steels and 

Ni-based superalloys were abandoned (not selected for this research) due to high Ni solubility in 

LBE above 4500C [49, 54]. It has to be mentioned that some Ni-Al alloys were tested briefly and 

they experienced an unacceptable corrosion rates and therefore this research was abounded. High-

Al-based alloys were abandoned because of the low melting point of Al (660.3oC). Pure titanium 

and refractory metals have been excluded due to their excessive oxidizing in the air [134]. The 

other materials, including oxide dispersion-strengthened (ODS) alloys, were excluded due either 

to their expense or limited commercial availability (despite potentially favorable corrosion-

resistive properties of ODS steels). The compositions of the materials used (in wt%) are listed in 

Table 4.1. 
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Table 4.1: Composition (wt%) of the three Fe-Cr-Al candidate materials used in the study [59 – 61]. 

Sample Cr Al Mn Mo Si Ti C Fe 

ALK 12.0 – 14.0 4.0 < 0.7 - < 0.7 0.25 < 0.08 Bal. 

APM 20.5 – 23.5 5.8 < 0.4 - < 0.7 - < 0.08 Bal. 

APMT 20.5 – 23.5 5.0 < 0.4 3.0 < 0.7 - < 0.08 Bal. 

 

4.2 Static corrosion tests 

4.2.1. Sample arrangement 

The two arrangements of specimen cutting (dimensions) for the static corrosion tests have 

been used. The first arrangement was used in the two longer-term (1000 h) LBE corrosion tests, 

and the second one in all other tests. The second arrangement was chosen as an improvement of 

the first one, in a way that the samples were already cut into slices (narrower than in first 

arrangement), so there was no returning of the extracted sample back into system once the slice is 

pulled out of the molten liquid alloy. 

Three groups (sets) of static corrosion tests have been performed in this research, where 

the classification into 3 groups was made based on the test duration and specimen arrangement. 

The first group included three tests in LBE: one test at 8000C for 360 hours in continual duration, 

and two tests, at 7000 and 8000C, both in total duration of 1000 h with two mid-term pullouts of 

the samples for analyzing the oxide scales evolution (after 300 h and 650 h in 7000C-test, and after 

350 h and 700 h in 8000C-test, respectively), before the final pullout at the end of test. In the latter 

two tests, the oxygen concentration has been maintained on such EMF value to provide 10-6 wt% 

oxygen concentration in LBE during the tests, while in the first one (for 360 h) the oxygen level 

had slight fluctuations but the average value was around ~ 5×10-6 wt% oxygen. The tests from the 

first arrangement group are listed in Table 4.2. The first specimens’ arrangement has been used 

for these two tests from the 1st group. In this arrangement, specimens were cut into rectangular 20 

mm x 40 mm x 1 mm prisms, polished by grinding (polishing) SiC paper up to 1200 grit, cleaned 

with acetone and then placed in vertical position into the alumina crucible filled with molten LBE 

(at ~ 200oC) so that the angle between each two samples was around 60o (Figure 4.1.a). At each 

pullout, a small rectangular part from the bottom of each one of the samples was cut (Figure 4.1.b) 

before mounting into “Allied EpoxySet” epoxy holder mixture (resin : hardener = 25 : 3 wt. ratio), 
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and polished up to 1200 grit by SiC paper, then by 1.0 and 0.3 μm Al2O3 suspension, for further 

structural analysis (see Fig. 4.1c, polished piece of sample fixated in epoxy). The disadvantage of 

this approach was that samples (with oxide scales formed on them) were not immobilized in epoxy 

prior to cutting the sample bottom pieces, at two mid-term pullouts. This means that cutting may 

have caused the oxide scales to spall/detach or peel off, therefore making the artefacts on samples. 

Table 4.2: Three static corrosion tests in LBE performed in the first configuration/arrangement of 

samples. 

Liquid Tests duration Temperature Oxygen level (or EMF) 

LBE 

360 h  800 °C ~ 5×10-6 wt.% 

1000 h 

(two mid-term 

pullouts: after 

350 h and 700 h) 

700 °C ~ 1×10-6 wt.% 

800 °C ~ 1×10-6 wt.% 

 

(a)      (b)  (c)  

Figure 4.1: The first arrangement and cutting of specimens. (a) Samples placement in cylindrical 

alumina crucible, filled with liquid alloy; (b) Cutting of the pieces from specimen bottom, for 

subsequent structural analysis (numbers denote cutting at 1st, 2nd and final (3rd) pullout, respectively); 

(c) A piece from specimen’s bottom mounted in epoxy holder and polished in cross-section. 

The second group/set includes six tests in total duration of 648 h (27 days), with two mid-

term pullouts of the samples (after 216 h (9 d.) and 432 h (18 d.)). Four of them have been 

performed in LBE, one in Pb-Bi-Sb and one in Pb-Bi-Ge alloys.  
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The list of the tests performed in this test series is given in Table 4.3. Due to the troubles 

with damaging the oxide scales, during the process of cutting pieces of samples for further 

structural analyses, the arrangement of samples’ dimension and their placement (positioning) in 

alumina crucibles has been significantly changed. In this upgraded arrangement, the specimens 

were cut into the rectangular 4 mm × 50 mm × 1 mm prisms (slices, Figure 4.2 e), made to fit into 

sample holder designed to hold each specimen with its width along the radial direction. After the 

cut, the specimens were polished by grinding (polishing) SiC paper up to 1200 grit, cleaned with 

acetone and then placed in alumina cylindrical crucible (28 mm diameter, 40 mm height) 

previously filled with liquid metal/alloy (LM) for testing. Three slices of mentioned dimensions 

of each steel sample (9 slices in total) have been placed vertically, by using a specially-designed 

holder (Figure 4.2 a-b), in crucible filled with LM, for testing. In this arrangement, one side of the 

slices was oriented towards more, the other one towards less amount of LM and oxygen dissolved 

in it (unequal exposure). At each pullout, there was a cooling step from the test temperature down 

to ~ 200 0C (an additional thermal cycling in the test system), and one slice of each sample was 

pulled out. This imposed additional one or two thermal cycling on some slices (samples), besides 

the initial heating at the beginning and final cooling at the end of test, which may facilitate thermal 

destabilization of protective oxide scales formed, their breaking and spalling off, which 

subsequently induces the secondary LM attack (i.e. dissolution of steel components in LM). 

(a)  (b)  (c)  (d)  (e)  

Figure 4.2: (a) Design of samples’ holder for liquid metal corrosion tests in set #2: samples’ width 

perpendicular to the radius of the inner hole of holder; (b) specimens placed and positioned in crucible, 

by using holder design from (a); (c) Design of samples’ holder in set #3: samples’ width parallel to the 

radius of holder’s inner hole; (d) specimens placed and positioned in crucible, using holder design from 

(c); (e) Each sample was pulled out uniquely, without returning back to LM test, and cut in cross 

section. 
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Table 4.3: Static corrosion tests in LBE and in Pb-Bi-X (X= Sb, Ge) for 648 h, with two mid-term 

pullouts (after 216 h and 432 h). 

Liquid 
Test duration  

(& midterm pullouts) 
Temperature Oxygen (wt%) in LBE EMF (V) 

LBE 

648 h  
(216h & 432h) 

700 °C 

10-6 0.914 

216 h 10-7      1.010 

216 h 
800 °C 

10-6      0.927 

432 h (216 h) 10-7      1.033 

Pb-Bi-Sb 216 h 700 °C 
n/a  

(“high”) 0.89 

Pb-Bi-Ge 216 h 700 °C n/a  

(“high”) 
0.92 

 

To test the hypothesis that spalling of the oxide scales formed on Kanthal steel due to 

thermal cycling is an important factor in the breakdown of passivation and subsequent dissolution, 

the third set of static corrosion tests of Kanthal steels in oxygen-controlled LBE (~ 1×10-6 wt.%) 

over the temperature range from 550 °C up to 800 °C have been performed, in a shorter duration 

(96 h and 216 h), both without and with an additional thermal cycle (besides the inherent single 

cycle of heating the autoclave at the start of the test and cooling it down at the end of the test). The 

additional, intermediate thermal cycle was going down to 200 °C for one hour, without removal 

of the samples from the autoclave.  

The tests of set #3 are listed in Table 4.4. Unlike previous tests, samples were not pull out 

at intermediate times to avoid additional thermal cycling. The results of the thermal-cycling tests 

were compared to those of isothermal tests (no additional cycles) from the literature and to the 

results from the tests with multiple thermal cycles. The same arrangement of samples has been 

used as in set #2, with the only difference that the sample holder was slightly re-arranged, so that 

the samples’ width was parallel to the radius of holder when they are placed in it. The equal 

exposure of the both sides of specimen to the liquid has been provided by the orientation of 

specimen’s width along the radial direction, thus reducing the differences in steel-LM interaction 

effects on the two sides (see Figure 4.2 c-d). 
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Table 4.4. Static corrosion tests in LBE, with and without extra thermal cycling (set #3). 

Temperature Oxygen Level Number of Thermal Cycles Exposure Duration 

550 °C 

~ 1 ×10-6 wt.% 

0 
4 days (96 h) 

9 days (216 h) 

1 
4 days (96 h) 

9 days (216 h) 

600 °C 

0 
4 days (96 h) 

9 days (216 h) 

1 
4 days (96 h) 

9 days (216 h) 

700 °C 

0 
4 days (96 h) 

9 days (216 h) 

1 
4 days (96 h) 

9 days (216 h) 

800 °C 

0 
4 days (96 h) 

9 days (216 h) 

1 
4 days (96 h) 

9 days (216 h) 

 

 

4.2.2. Oxygen sensor design and signal processing 

The oxygen content has been measured using commercially available oxygen sensors 

(purchased from Australian Oxytrol Systems) typically used for measuring oxygen in exhaust gas 

and smoke stacks. Their measurement principle is based on the Electromotive Force (EMF) signal 

between the reference (Pt–air) inside the hollow of the yttria-stabilized-zirconia (YSZ) sensor and 

the liquid outside, surrounding the sensor. The dopant element (Y) stabilises the ceramic into the 

tetragonal form that conducts oxygen ions under certain temperature and oxygen conditions.The 

EMF was produced by the oxygen sensor because of the difference in oxygen activities between 

the oxygen in the air in the sensor’s reference (at 20.95%) and the oxygen in the liquid metal. 

Details on how the resulting EMF signal is related to oxygen concentration are given previously 

(Section 1.5.1). From the dependence of the EMF signal on temperature and oxygen concentration 

in LBE, the oxygen concentration was calculated from the EMF signal output (Figure 4.3).  
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Figure 4.3: Obtaining the oxygen concentration in LBE (right), calculated from EMF signal output 

(left), based on the formula: EMF(mV) = 790.7 – 0.071×T(K) – 0.043×T(K)×ln Co(ppm wt) [38] 

 

The standard sensors have been modified as they were delivered with a Pt wire on the 

outside of the sensor as the referent electrode connected to the sensor’s tip and contacting the liquid 

(due to the high solubility of Pt in Pb and Bi at > 5000C). The Pt wire has been replaced by the less 

soluble and less brittle Ni-Cr (“chromel”) wire extended at the end that comes into liquid by the 

Ti3SiC2 MAX-phase platelet with a good LM-corrosion resistivity. The electric contact between 

the MAX phase and YSZ sensor’s tip has been established through the liquid metal as a conductor, 

with Ni-Cr wire not having a contact with liquid during the test. Oxygen sensor was also fitted 

with an R-thermocouple that measures the temperature at the point of contact with the liquid metal 

inside the ceramic crucible. Details on the oxygen sensor design and modifications are given in 

Figure 4.4. 
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(e)  

Figure 4.4: Photographs (a-c) and a schematic (d) of the end of Pt-air oxygen sensor that is being 

immersed into molten LBE, and a schematic representation (e) of Pt-air oxygen sensor in contact with 

LBE (based on Ref. [135]) with the components and extensions labeled. Ni-Cr wire (visible on the 

photos and schemes) is in contact with MAX phase platelet, which is in contact with the liquid.  
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4.2.3. Corrosion test setup (components) and procedure 

Each static corrosion test was conducted in an alumina crucible inside an autoclave, where 

the samples were exposed to static liquid LBE in a custom built setup (a modified version of the 

one described in [104]). Figure 4.5 shows a schematic representation of the corrosion autoclave 

setup with precision environmental control. The system was built with commercially available 

standard stainless steel vacuum components and Swagelok tube fittings. Oxygen content has been 

measured by commercially available oxygen sensors (slightly redesigned as described in previous 

section). The output EMF signal from the sensor was recorded by Keithley 181 Nano-voltmeter 

and together with the thermocouple signal has been fed into an Omega DAQ board. The oxygen 

content of the cover gas inside the autoclave was maintained actively by switching the gas flow 

between diluted hydrogen (5% H2, balance Ar) and diluted oxygen (3% O2, balance argon) through 

the autoclave, based on the electromotive-force (EMF) readings coming from the oxygen sensor 

that was immersed into the liquid metal. A LabView program has been used to record experimental 

parameters (EMF, T, time) and to control the cover gas above the corrosion setup by operating an 

automated valve (for the gas flow switching) triggered by a set point EMF in the program. It has 

been found that the gas switching (cycling) ON/OFF around a selected EMF set point of oxygen 

control maintains the oxygen content constant in the liquid metal as shown in Figure 4.3. 

 

Figure 4.5: Experimental setup for corrosion tests of Fe-Cr-Al steels in LBE [104]. 
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The two corrosion tests, in total duration of 1000 h, performed with the specimens prepared 

in the first cutting/dimensions arrangement (described above), were: (1) test in LBE at 8000C and 

EMF = 0.926 V (~ 1×10-6 wt% oxygen), with the two ‘mid-term’ pullouts after 350 h and 700 h; 

(2) test in LBE at 7000C and EMF = 0.918 V (~ 1×10-6 wt% oxygen), with the two ‘mid-term’ 

pullouts after 300 h and 650 h. These particular oxygen concentrations were chosen based on the 

oxygen activity of Fe-, Cr- and Al- oxides (as expectedly protective formations grown on Fe-Cr-

Al samples), represented by Gibbs free energy according to Ellingham diagram, so that it can 

provide just enough oxygen for iron oxide formation (having the least negative Gibbs free energy 

of formation) at the testing temperature. 

The procedure of the midterm pullout of samples in the first two tests (first arrangement; 

for cutting the pieces from the bottom and their subsequent analysis) was as follows: the system 

temperature was dropped to 300°C and the sensor was removed, then the power supply of the 

heater was turned off and autoclave removed from heater and disassembled. After the samples 

were removed from the crucible inside the autoclave, the autoclave has been re-assembled (with 

the crucible filled with liquid metal in it, no samples), and placed in the heater that was again 

turned on and kept at 3000C as long as the samples cutting is not done. The reason the temperature 

was lowered was to reduce the oxygen solubility in the LBE during this process so the experiment 

can continue faster after the process. After the samples were cut, the temperature was turned down 

again to the room temperature and autoclave disassembled again to place the samples back to the 

crucible with LM, then reassembled and finally heated up to the actual temperature. Gas flow 

would be turned off each time for the autoclave disassembling. As a result of the above mentioned 

midterm pullout, the system was heated and cooled two times at each pullout. During the sensor 

removal procedure, oxygen inside the setup increased temporary to its LBE saturation limit and 

each time at restart a transition period of 1–2 h was required for the Ar/H2 gas mixture to reduce 

the oxygen down to the preset conditions. 

The procedure of the midterm pullout of samples in all the tests that included them (in both 

second and third arrangement of the samples) reduced the number of heating/cooling processes to 

only one per pullout, removed the need for thermalizing the system at 3000C and reduced the time 

of liquid metal exposure to air to only ~ 15 min. (time needed to remove the 3 slices per midterm). 
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However, the thermal ‘disturbance’ (thermal cycling) of the system was not avoided, although 

reduced. 

Only in the last set of the tests (set #3), there was only one pullout, at the very end of the 

test, and thence no extra thermal disturbance during the test. 

After testing, the samples were removed from the LBE and prepared for post corrosion 

analysis. The samples (cuts from the sample bottom in the first arrangement, or the whole slices 

in the other two arrangements) were mounted in the epoxy resin for 24 hours, then cut in cross-

section. The cross-sections of the sample in epoxy were polished by SiC paper up to 1200 grit, 

then by 1 μm and 0.3 μm alumina suspension in final polishing steps. Samples were cleaned in the 

ultrasonic bath with acetone and ethanol and sent for the further analysis. The cross-section 

analysis was performed using a scanning electron microscope (SEM) coupled with the Energy-

dispersive X-ray spectroscopy (EDS), for all the samples tested. Raman spectroscopy (Raman), 

X-ray photoelectron spectroscopy (XPS), X-ray microdiffraction (μXRD) in Laue method, and 

Transmission electron microscopy (TEM) have been used to analyze cross-sectional portions of 

selected samples only. For TEM, a special procedure for preparing TEM foil has been followed, 

as given in chapters below. 

 

4.3. Sample analyses 

For analyzing and measurement of the oxide layers thickness, SEM coupled with EDS has 

been used. For detection of the chemical structure/composition of the oxides, EDS, Raman and 

XPS have been used. TEM and Laue-μXRD have been used for revealing the crystal structure of 

the oxides (and partly for chemical composition), while Laue-μXRD was used also for analyzing 

mechanical properties of oxide layers (stress/strain, dislocation density, etc.). 

4.3.1. Scanning Electron Microscopy with Energy-Dispersive X-ray Spectroscopy (SEM/EDS) 

The cross-sectional morphological analysis and oxide scale thickness measurement have 

been performed using a scanning electron microscope (SEM) equipped with the energy-dispersive 

X-ray spectroscopy (EDS) setup. A Quanta 3D field emission gun (FEG) scanning electron 

microscope with focused ion beam (SEM/FIB) has been used in this research. EDS has been 

carried out using the Oxford EDS device attached to the SEM/FIB. 
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4.3.2. Transmission Electron Microscopy (TEM) - experimental 

TEM samples (thin foils) were manufactured from the sample cross-sections of the two 

ALK samples and one APM sample (all three exposed to liquid LBE), using a focused ion beam 

(FIB) instrument (FEI Quanta 3D FEG dual beam FIB). The analyzed samples are listed in Table 

4.5. At each sample, the foil was cut perpendicular to the bulk-oxide interface plane in order to 

capture all the oxide layers across the steel/LBE interface, as depicted in the sketch, Fig. 4.6.a. 

Foils were imaged in the scanning-transmission electron microscopy (STEM) mode of the Quanta 

3D FIB to ensure good sample quality, prior to higher resolution TEM work. An example of the 

STEM image of an as-manufactured foil (made from ALK sample) is given in Figure 4.6.b. In 

order to minimize any remaining FIB damage to the samples (see Ref. [136]), a final cleaning step 

with a 50 pA, 10 keV electron beam was applied to each sample before further TEM work.  

 

Table 4.5: Samples used for TEM analyses of the oxide layers formation. 

Sample Al (wt%) LBE temperature (0C) Test duration (h) Oxygen level (wt%) 

ALK 4.0 800 360 ~ 5 × 10-6 

ALK 4.0 800 216 ~ 1 × 10-6 

APM 5.8 700 216 ~ 1 × 10-6 

 

Three different transmission electron microscopes were used to analyze the structure of the 

formed oxide layers on these samples: a 200 kV Phillips CM200/FEG microscope equipped with 

energy-dispersive X-ray spectroscopy (EDS) detector for elemental mapping, a 300 kV JEOL 3010 

microscope for obtaining electron diffraction patterns, and a FEI TitanX 60-300 kV microscope 

for high-resolution EDS map scan. All three microscopes were in the National Center for Electron 

Microscopy (NCEM), as a part of the Molecular Foundry, at the Lawrence Berkeley National 

Laboratory (LBNL). The diameter of the beam spot of the electron probe for EDS and TEM 

analysis was smaller than 1 nm. Further details of the TEM devices are available in Reference 

[137]. 
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Figure 4.6: Position and orientation of the TEM foil of a sample (a), and STEM dark-field image (b) 

of the foil in x-y plane, with the structures denoted. 

 

4.3.3. Laue X-Ray micro-Diffraction (μXRD) 

Laue μXRD measurements were carried out on Beamline 12.3.2 at the Advanced Light 

Source (ALS), Lawrence Berkeley National Laboratory [138]. A schematic of the Laue diffraction 

setup and the details are represented in Figure 4.7 [139]. The same three samples analyzed by TEM 

have been analyzed by μXRD as well (Table 4.6), following the goals of this study, given in 

Section 2.3. Each sample was mounted on a high resolution x–y scanning stage with its polished 

cross-section facing up, at a 45o tilt angle relative to the incident X-ray beam. Prior to XRD scan, 

a fast X-ray fluorescence (XRF) scan was conducted using a Si drift detector to position the sample 

edge (to ensure that all diffraction scans cover the desired region) and preliminary detect the 

expected elements in scanned region. A polychromatic X-ray beam (5–24 keV) was focused by a 

pair of Kirkpatrick–Baez (KB) mirrors to ~ 1 × 1 µm2 cross section at the full width half maximum 

of the beam. Measurements were conducted in the near-surface region that includes the oxide layer 

over a 100 x 50 µm2 area, as shown in Figure 4.8. 

a) b) 

steel 
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Figure 4.7: A Scheme of the ALS beamline 12.3.2 with a superbend dipole magnet source [138]. The 

beamline acceptance is 0.2 mrad (horizontal and vertical). The toroidal M2 mirror focuses the source 

onto a virtual object. This intermediate image is demagnified by a ratio of 8:1 and 16:1 in horizontal 

and vertical, respectively, by a pair of Kirkpatrick-Baez mirrors. 

 

 

Figure 4.8: A schematic (as seen in perspective) of  the Laue-μXRD analyzed spot (100 x 50 µm2 

rectangle) covering the near-interface zone of sample, oxide layer grown on the sample, Pb-Bi eutectic 

(LBE) precipitated over the oxide, and epoxy resin (holder). The black box represents the μXRD-

scanned area. 
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The diffraction scanning step size was 1 μm, and a Laue pattern was obtained at each step 

using a 1 s exposure time from an area detector (DECTRIS Pilatus 1M) placed 140 mm away from 

the X-ray focal point at 90o with respect to the incoming beam. A total number of 5000 patterns 

were obtained and automatically analyzed by an in-house developed software XMAS [119] to 

obtain the crystal orientation and lattice strain at each scanning position. This technique provides 

high resolution of both crystal orientation (0.01o) [140] and of deviatoric strain (~10-4) [141], while 

the defect type and density distribution in the scan area can also be revealed from the shape of the 

diffraction peaks [121, 142]. Calibrations for sample-to-detector distance, center channel position 

and tilt of detector were performed by indexing a Laue diffraction pattern from a sharp diffraction 

pattern of the Si single-crystal specimen for calibration. The indexing of the obtained μXRD 

patterns have been performed using XMAS_version.6 software package, and the same tool has 

been used for generating the recorded-intensity map and filtered-intensity map (assuming body-

centered cubic, BCC, iron phase), as well as for the peak width distribution map, dislocation 

density distribution, and strain maps, following the procedures described previously, in Section 

2.2.3. The threshold value for filtered intensity map (FIM) imaging is set to be m = 5, as it is 

suggested the best for most metals and minerals. 

 

Table 4.6 Three samples from the corrosion tests, analyzed by the Laue μXRD. 

Sample Al (wt%) liquid temperature (0C) Test duration (h) Oxygen level (wt%) 

ALK 4.0 LBE 800 350 ~ 5 × 10-6 

ALK 4.0 LBE 800 216 ~ 1 × 10-6 

APM 5.8 LBE 700 216 ~ 1 × 10-6 

 

4.3.4. Raman spectrometry 

A Renishaw Invia Laser Raman spectrometer was used. The configuration of the 

experimental setup is given in Figure 4.9. The microscope has been used both for focusing the 

incident laser beam onto the analyzed sample, and for focusing and transferring the emitted Raman 

(Stokes/anti-Stokes) signals from sample to the Raman spectrometer and detector (Figure 4.9). 
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The excitation wavelength used was 514 nm line of an Ar+ ion laser at an incident power of 10 

mW. In some measurements, the spatial filter and beam splitter have been used, to reduce the 

incident beam power down to 1 mW or 0.5 mW when necessary. The area was analyzed using a 

10 μm diameter spot size through a standard ×20 microscope objective. The light, collimated by 

the 50X objective (to the diameter size of 2 mm at 45 mm focal length lens) has been focused onto 

the entrance slit of a Horiba Jabin-Yvon 550 monochromator (that contains a grating of 600 

lines/mm and is blazed at a wavelength of 500 nm) by the double convex lens of focal length 45 

mm [104]. A Princeton Instruments liquid nitrogen cooled Spec 10 CCD detector (maintained at -

120 oC during data acquisition) was used for photon counting. The spectra have been collected 

with a 10 s data point acquisition time, in a spectral range of 200–1000 cm-1, with spectral 

resolution of 2 cm-1. The microscope’s viewport was used for visual inspection of focusing the 

laser upon the sample, which allowed the different spots on the samples to be inspected and the 

light focus to be properly placed onto the oxide layers zone. The selected samples that have been 

analyzed by the Raman spectroscopy are listed in Table 4.7. 

 

Figure 4.9: A simplified schematic representation of the experimental setup design with the micro-

Raman spectrometer (Raman microscope) and all the equipment and accessory components used for 

this study. 
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Table 4.7: Samples from the corrosion tests, analyzed by Raman spectroscopy. 

Sample Al (wt%) liquid temperature (0C) Test duration (h) Oxygen level (wt%) 

ALK 4.0 LBE 800 360 ~ 5 × 10-6 

ALK 4.0 LBE 800 216 ~ 1 × 10-6 

ALK 4.0 LBE 700 216 ~ 1 × 10-6 

APMT 5.0 LBE 700 216 ~ 1 × 10-6 

APM 5.8 LBE 700 216 ~ 1 × 10-6 

APM 5.8 Pb-Bi-Ge 700 216 
n/a  

(EMF = 0.92 V) 

 

 

4.3.5. X-ray Photoelectron Spectrometry (XPS) 

The XPS spectra were obtained ex situ in a commercial Perkin Elmer PHI 5600 XPS 

system, and a C 1s core-level peak at 284.8 eV was used for the reference. The X-ray source for 

the XPS was a monochromatized and refocused aluminum Kα (1486 eV) source with a 0.1 – 1.0 

mm diameter X-ray spot size. Sample etching/sputtering (a partial removal of a certain thickness 

of the analyzed material) has been performed by the Ar+ ions accelerated by 2 kV electrostatic 

potential up to produce a 1 μΑ current, with a sputter rate of 1.1 nm/s. Etching was needed in the 

analysis of the oxide layers developed in exposure to Pb-Bi eutectic for at least two reasons: 1) 

possible remains of Pb and Bi on the sample surface (i.e. oxide surface) even after chemical 

removal; 2) analyzed oxide scales are mostly ≥ 1 μm, while the analyzed profile depth in the 

material (particularly in the oxides) is ≤ 10 nm, so the only way to get the information on the 

chemical structure inside the oxide is to remove a part (slice) of it. Peak identification and fitting 

were performed in PHI Multi-Pak processing software. The O 2s, Cr 2p, Fe 2p and 3s, Al 2s, Ti 

2p and Auger electron peaks (KLL and LMM) peaks in the spectra have been used for analyzing 

the elemental content and chemical structure in the oxide layers. Samples analyzed by XPS in this 

study are listed in Table 4.8, and the experimental setup and components of the XPS device is 

represented in Figure 4.10. 
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Figure 4.10: Top-down cross-section schematic of XPS instrument, with sample stage clips shown in 

red (the wider clip oriented toward the ion gun/detector, as shown). 

 

Table 4.8: Samples from the corrosion tests, analyzed by X-ray photoelectron spectroscopy (XPS). 

Sample Al (wt%) liquid temperature (0C) Test duration (h) Oxygen level (wt%) 

ALK 4.0 LBE 800 216 ~ 1 × 10-6 

APM 5.8 LBE 800 432 ~ 1 × 10-7 

APM 5.8 Pb-Bi-Sb 700 216 
n/a  

(EMF = 0.89 V) 
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Chapter 5 

 

Results 

 

5.1 SEM/EDS, Raman and XPS studies of the oxide layers formed in exposure to LBE 

Elemental composition of the oxide scales formed on Fe-Cr-Al steel samples in corrosion 

tests has been determined by using EDS for all the samples in all tests, and in some cases were 

accompanied by Raman or XPS measurements to evaluate the structure. The thickness of the scales 

and their adhesion to the steel substrates have been characterized by the use of SEM and EDS. 

Oxide growth is assumed to start from the initial solid-liquid interface in both directions: “upward” 

i.e. from that interface into the liquid area, and “downward” i.e. from the interface into the bulk.  

The goal was to determine how the chemical composition of the oxides influences their 

capability to withstand the thermal stress (due to temperature cycling) and to stay adherent to the 

steel substrate. Spalling and breaking of the oxide scales are the most important causes of the direct 

corrosion attack of liquid metal onto the steel substrate and subsequent structural material 

degradation (dissolution of substrate elements and penetration of Pb and Bi into the bulk) that 

possibly leads to further phenomena such as liquid metal embrittlement. 

 

5.1.1. Tests in LBE at 7000 and 8000C, in the 1st arrangement of specimens (tangential) 

The evolution of EMF, T and Cox in time of the two 1000-hour tests in LBE with 1×10-6 

wt% oxygen dissolved (at 800 0C and 700 0C) is represented in Figure 5.1.1 (with slight instabilities 

in oxygen concentration at 700 0C, being occasionally below 1×10-6 wt%).  
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a)  b)

c)   d)  

Figure 5.1.1: The dependence of EMF signal, temperature, and oxygen concentration (Cox) on time, in 

two 1000-hour tests in LBE with 1×10-6 wt% O dissolved, at: (a-b) 700 0C, (c-d) 800 0C. 

The SEM/EDS analysis of these tests revealed the differences in oxide formation behavior 

depending on temperature and sample composition. At 700 0C, only ALK developed the double 

oxide layer (the inner Al-oxide one, and the outer mostly Cr-oxide one), while the other two steels 

had only one Al-oxide layer. At 800 °C however, all three samples developed two oxide structures, 

i.e. two layers: the inner one being Al-oxide, and the outer consisting mostly of Cr-oxide. The 

ALK steel tended to form a fairly adherent, inner, aluminum-oxide layer of 3-4 μm thickness (after 

total exposure time of 1000 h), and an outer, chromium-oxide layer of about the same thickness 

(occasionally with some Fe-oxide as well, or Fe-Cr-oxide). An example of such aluminum and 

chromium oxide layers formed on ALK after 1000 h of exposure is shown in Figure 5.1.2. The 

same sample on the other spot after 350 h showed even more complex structure, with the inner 
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layer mostly Al-oxide (and some Cr-oxide), and the outer one consisting of at least two sub-layers: 

the thicker one (closer to the inner one) as a Al-oxide+ Fe-Cr-oxide, and the thinner one (towards 

LBE) being again mostly Al-oxide, with some Fe dissolved or Fe-oxides (Figure 5.1.3.a). The 

oxide-scale thickness did not consistent-ly grow larger with time, probably because the scale 

detached and reformed one or more times, as is indicated by the presence of remnants of aluminum 

oxide near the steel surface but within the LBE at the longer immersion durations. The detachment 

of the oxide layer could have been caused by the thermal cycling during the mid-term pullout and 

by cutting the piece of samples from the bottom (artefacts caused by saw, as the samples were not 

immersed into epoxy holder when being cut, but oxide layers directly exposed to an external 

mechanical damage from saw components). 

(a)  (b)  

Figure 5.1.2: (a) SEM and (b) EDS line- and map-scan of a cross-section of the interface between ALK 

and LBE, after 1000 h of exposure at 800 °C with 10-6wt% oxygen (EMF = 0.926 V). Inner layer 

(mostly Al-oxide, with some Cr-oxide) and outer layer (mostly Cr-oxide, with some Al-oxide) both 

found to be ~ 3 μm thick. 

APM and APMT steels have a higher Al content (5.0 and 5.8 wt%, respectively, vs. 4.0 

wt% in ALK), and therfore developed only one layer at 700 0C being mostly consisted of Al-oxide 
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(with possibly some smaller amount of Cr-oxide). However, at 8000C the chemical structure of the 

oxide changed, so there were two layers detected (inner dominantly Al-oxide, and outer 

dominantly Cr-oxide). Besides that, Al-oxide formed below the initial steel surface (sub-surface), 

indicates the presence of internal oxidation (Figure 5.1.4.a). Occasionally, a massive dissolution 

has been observed in both steels at longer immersion durations. The dissolution appeared to occur 

radially into the steel from specific locations on the steel’s surface where the aluminum-oxide layer 

failed. A residual oxide layer was frequently found “detached” near the original steel surface 

(Figure 5.1.4. b - c). At other places where the oxide layer adhered, little to no dissolution occurred. 

The results of these corrosion tests are summarized in Table 5.1 by the steel samples. 

     

Figure 5.1.3: (a) SEM, and EDX line- and map-scans of the ALK sample after exposure to LBE at 800 

0C for 350 h; (b) Raman spectra of the ALK sample exposed for 360 h to LBE at 800 0C with 5×10-6 

wt% oxygen dissolved (see further text): line II obtained from the zone of inner layer (to the far left), 

while lines I, III and IV obtained from the medium sub-layer (Al-oxide + Fe-Cr-oxide). Raman spectra 

detected TiO2, Cr2O3, Fe3O4, and FeCr2O4 (spinel), as possible oxides. 
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Figure 5.1.4: Tests in LBE at 800 °C: (a) SEM/EDS of APMT, after 700 h - internal oxidation; (b) 

SEM of APM after 700h; (c) APMT: oxide spalling off. 

Table 5.1: Summary of the corrosion performance of the steels tested after 1000 h in LBE at 7000 and 

8000C. 

sample Oxide layer 

thickness (μm) 

Corrosion performance 

 

ALK 1 – 4  

inner Al-oxide; 

0 – 4  

outer Cr- and Fe- 

oxides 

at both 

temperatures 

- Al-oxide formed by internal oxidation below the steel surface.  

- Some LBE penetrates the oxides or dissolves the metals. 

- Al-oxide layer tends to detach occasionally in time (pieces of 

oxide in LBE → ongoing dissolution), but a new layer regrows 

again in the steel sub-surface.  

- Increased temperature does not make a remarkable difference 

between 700 0C and 800 0C. 

APM 1 – 3  

(only Al-oxide at 

700°C); 

4 + 4  

(inner Al- + outer 

Cr-oxide) at 800°C 

- Oxide layers frequently detach from the steel.  

- Uniform dissolution and remnants of shattered Al oxide in LBE 

found.  

- Some massive dissolution found at some places.  

- Outer Cr-oxide layer well adhered to the inner Al-oxide (that 

often detaches from the steel).  

APMT  Inner Al-oxide 

layer:  

1 – 2 (at 700°C)  

2 – 4 (at 800°C); 

Outer Cr-oxide 

layer: ~ 3 μm 

(only at 800 °C) 

- Al-oxide formed by internal oxidation below the steel surface.  

- Some dissolution outside of the Al-oxide layer.  

- Some massive dissolution found at some places.  

- Al-oxide layers detach from the steel (massive dissolution 

occurs sometimes underneath them).  

- Al oxide layer shatters sometimes into pieces. 
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An additional test performed using the ‘first’ (tangential) arrangement has been performed at 800 

0C for 360 hours, with ~ 5×10-6 wt% oxygen dissolved. The characteristics of the test (LBE 

temperature, and oxygen concentration in time, calculated from EMF values by using formula 

1.15) are given in Figure 5.1.5.a 

a)  

        

Figure 5.1.5: (a) Oxygen concentration and temperature vs. time plot of the test in LBE at 800 0C /360 

h (~ 5×10-6 wt% oxygen in LBE), and EDX line scan (elemental composition) of the oxides formed on 

(b) ALK and (c) APM steel from the same test (retrieved from ref. [104]). 
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ALK alloy samples developed a rather thin and protective alumina layer which is in 

agreement with the other recent studies [66, 104]. The sample showed a more complex oxide 

structure (Figure 5.1.5.b); there are two well defined Al oxide layers, a dense layer at the inner 

interface with the substrate with a darker contrast and an outer layer at the outer interface with the 

LBE, and a Fe-Cr-Al-oxide between them. EDS line scan revealed a scale thickness of 15-17 μm. 

Several oxide layers were observed as follows: closer to the steel, an Al-oxide layer with a 

noticeable amount of titanium, followed by a 6–7 μm thick Fe–Cr–Al oxide, and finally another 

one Al-oxide layer (~ 5 μm) in contact with LBE. Localized discontinuities in the inner Al oxide 

layer have been found. Traces of Pb and Bi were found within the outer Al-oxide. This Al-oxide 

layer showed a higher amount of Ti than the Al-oxide inner layer. Raman spectroscopy confirmed 

a possible presence of Ti-oxide in the outer layer, in the zone next to the inner layer (see Fig. 

5.1.3.b). 

APM sample from this test showed an oxide scale structure composed of a 6 μm thick outer 

layer of Al-oxide and a submicron size inner layer of Fe–Cr–Al oxides (Figure 5.1.5.c). The outer 

Al-oxide scale shows extensive delamination along the interface to the inner formed oxide, as well 

as the transversal fractures within the layers while LBE penetration have been found between loose 

oxide segments. 

5.1.2. Three-pullouts tests in LBE (216-432-648 h) at 700 and 800 0C (10-6 / 10-7 wt% oxyg.) 

As described above some uneven corrosion was found between different sample surfaces. 

Therefore, a different sample arrangement was deployed. In this instance the samples are arranged 

radially in the crucible. Four tests in LBE have been performed: at 700 0C and 800 0C, with 10-6 

wt% and 10-7 wt% oxygen in LBE. Both tests at 10-7 wt% oxygen (at 8000C for 432 h, and at 700 

0C for 216 h) have proved this oxygen concentration to be too low for efficient formation of oxide 

scales on all three tested steel samples (Figure 5.1.4.). Already after 216 hours, at the first screening 

of the samples (first midterm pull-out), there was a lack of compact and continual oxide layers 

almost over the entire surface of all three samples (Fig. 5.1.4. a-c), with the steel elements (Fe, Cr, 

Al) and their oxides being surrounded by LBE (or dissolved in it). This zone of Pb/Bi interchanging 

(alternating) with the parts of oxides or steel elements appears to be a zone of non-protective 

oxidation, i.e. of simultaneous oxidation and dissolution, where the dissolution of steel elements 

is extensive and not controlled by the diffusion through the oxide formations. The “oxidation + 
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dissolution” zone thickness has been measured/assessed on the X-axis, at each spot analyzed by 

SEM/EDS, as the distance between the liquid/solid (or liquid/oxide) interface and the maximum 

penetration depth of LBE into steel bulk along the X-axis (or the maximum depth of the oxide 

formed in the bulk, i.e. max. depth of internal oxidation). The example of the measurement is given 

in Figure 5.1.4.d (for ALK in 700 0C test with 10-7 wt% oxygen in LBE). At each imaged spot, a 

total material thickness loss has been assessed as one half of the calculated average value of several 

(3-7) measurements performed as described above. 

In the test in LBE at 800 0C /10-7wt% oxygen, the material thickness loss in the three tested 

steel samples has been in the range of 40-180 μm after 216 h (50-120 μm in ALK, 100-180 μm in 

APMT and 40-80 μm in APM) (see Figure 5.1.6. a-c and Table B1 in Appendix B). The similar 

outcome in steel samples has been found after 432 h of test operation, with material thickness loss 

assessed to be in 100-180 μm range. A similar situation of the non-protective oxide formation 

along with the dissolution of structural elements (i.e. “oxidation + dissolution” zone) has been 

found in 700 0C /10-7wt% ox. test in LBE for 216 h, though less extensive. In this test, only high-

Al containing APM sample exhibited locally a thin oxide formation (mostly Al-oxide, detected by 

EDS) rather compact/continual, while ALK and APMT had the oxidation + dissolution structures 

(features) found at the almost entire steel/LBE interface instead of a distinct oxide phase (Figure 

5.1.6. d-f). The details about these two tests (characteristics of the oxides and structures found, 

measured/averaged material thickness loss etc.) are given in Table B1 in Appendix B. 

APM, as the only Fe-Cr-Al steel candidate that developed a continues oxide scale over the 

sample surface in the 800 0C /10-7 wt% oxygen in LBE test after 432 h of operation, has been 

furtherly analyzed by the X-ray photoelectron spectroscopy (XPS). After etching (removal) of ~ 1 

μm of oxide scale by Ar ions (2 kV/ 1 μΑ), the obtained spectrum revealed a lack of Auger KLL 

electron signal from oxygen (usually in 980-990 eV range) and poorly-shaped Cr-Auger (LMM1) 

and Al 2s electron signals, whereas several elemental-Fe signals as well as many Pb and Bi 

elemental signals arose (Figure 5.1.7). This indicates the discontinuity in Al- and Cr-/Al- oxides 

formation, interfered with rather extensive Fe, Cr and Al dissolution (lower incidence/frequency 

of oxidation of these atoms during the diffusion of oxygen into bulk) and Pb/Bi penetration into 

oxide phase. This might be attributed to a porous structure of formed Al- and Cr- oxides, mainly 

due to the oxygen concentration (10-7 wt%) in LBE that is not thermodynamically favorable for 

formation of Fe-oxides at 800 oC (see Ellingham diagram in Section 1.5.1). 
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a) b)  

c)   d)  

e)      f)  

Figure 5.1.6: (a-c) ALK, APMT and APM samples (respectively) after 216 h of exposure in LBE at 

800 0C with 10-7 wt% oxygen; (d-f) ALK, APMT and APM (respectively) after 216 h of exposure in 

LBE at 700 0C, containing 10-7wt% oxygen. 
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Figure 5.1.7: XPS spectrum of the oxide structures formed on APM from the test in LBE at 800 0C /10-

7 wt% oxygen, after 432 h of exposure. A lack or poor shaping of the Al- and Cr- oxide signals indicates 

a porous or discontinued oxide scale formation, due to the insufficient oxygen concentration. 
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Due to the fact that ~ 1×10-7 wt% oxygen was found to be insufficient oxygen concentration 

for protective oxide layers formation, more attention was given to the two tests with ~ 1×10-6wt% 

concentration. The test at 7000C /1×10-6wt% oxygen in LBE has been performed to the designed 

end after 648 hours of operation, with two mid-term sample pullouts (216 and 432 h). The 

characteristics of the oxides formed on the studied samples after each time segment are 

summarized in Table 5.2. The SEM/EDS analyses have revealed the Al-oxide as a dominant 

(prevalent) structure formed in all three steel samples at all times. However, some differences have 

been found in the presence and distribution of the other oxides, seemingly depending on the Al-

content or Al : Cr (wt%) ratio in the tested samples. Thus, in APM (~5.8 wt% Al, 22.0 ± 1.5 wt% 

Cr) almost exclusively Al-oxide was detected after all three time periods, with only occasional 

presence of some traces of Cr- or Fe- oxides, mostly outward (towards the liquid phase) or inside 

the Al-oxide phase/structure (as the two interchanging (alternating) phases), as shown in Figure 

5.1.8.a.  

In APMT (~5.0 wt% Al, 22.0±1.5 wt% Cr), besides Al-oxide as the dominant corrosion 

product, usually next to the bulk, a Cr-oxide has been detected (sometimes as mixed Fe- and Cr- 

oxides, possibly as Fe-Cr-spinel), as shown in Figures 5.1.8.c-d. After 648 hours (27 days), a 

formation of an additional Cr- (or Fe-Cr-) oxide layer below the Al-oxide, i.e. between the bulk 

and the Al-oxide (as the newly formed inner oxide layer) has been detected by EDS at some 

locations. In case of ALK, the outer Cr- (or Fe-Cr-) oxide was rarely found, while the inner oxide 

was situated between the Al-oxide and ALK substrate (Figure 5.1.8.b). However, this inner Fe-

/Cr- oxide structure was not detected after 216 hours of exposure, and even rarely found after 432 

h (see Table 5.2). 
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a)     b)  

c)       d)  

Figure 5.1.8: Test in LBE at 700 0C /10-6 wt% oxygen, after 648 h: (a) mostly Al-oxide one layer in 

APM (highest Al wt%); (b) double layer – inner mostly Cr- (Fe-) oxide, outer mostly Al-oxide in ALK 

(lowest Al wt%); (c-d) inner Al-oxide, outer Cr- (Fe-) oxide in APMT (opposite to ALK). 
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Table 5.2: The characteristics of the oxide formations on the studied samples from the test in LBE at 

700 0C /10-6wt% oxygen in LBE.  

sample 
Al / Cr 

(wt%) 

after 216 h after 432 h after 648 h 

oxide 

thickness 

(μm) 

characteristics 
oxide 

thickness 

(μm) 

characteristics 
oxide 

thickness 

(μm) 

characteristics 

ALK 4.0/ 13.0 4.5 ± 1.5 Al-oxide 

dominant, 

sometimes 

broken (some 

Fe-/Cr- oxides 

above, as 

outer) 

4.5 ± 2.5 Al-oxide 

mostly, 

sometimes 

broken/ 

crushed 

7-15 μm 

Al-oxide 

(outer), and  

5-10 μm 

Fe-/Cr- 

oxide 

(inner) 

Cr- / Fe-Cr- 

oxides formed 

as an inner 

layer (between 

bulk and Al-

oxide) 

APMT 5.0/ 22.0 5.5 ± 1.5 Mostly Al-

oxide, some 

Cr-oxide (or 

Fe-Cr-O) as 

the outer 

4.0 ± 1.0 Mostly Al-

oxide, some 

Cr- / Fe-Cr- 

oxide (as the 

outer) 

3-5 μm Al-

oxide 

(inner);  

2-6 μm Cr- 

(or Fe-Cr-) 

oxide 

(outer) 

Some Cr- (or 

Fe-Cr-) oxides 

formed as an 

additional inner 

layer (between 

bulk and Al-

oxide) 

APM 5.8/ 21.5 5.0 ± 2.0 Mostly Al-

oxide, some 

Cr-oxide (or 

Fe-Cr-O) as 

the outer 

4.0 ± 1.5 Mostly Al-

oxide 

3-7 μm Al-

oxide (& 

some Fe-

/Cr- oxides 

inside it) 

Al-oxide: 

stable, attached,  

rarely broken 

 

Raman spectra of the three samples from the test in LBE at 700 0C /10-6 wt% oxygen after 

216 hours of test operation confirmed the existence of the aforementioned oxides. In ALK, only 

few peaks were observed, which proved the presence of chromia, Cr2O3 (Eg vibrational mode at ~ 

340 cm-1), magnetite, Fe3O4 (a broad, smaller band at ~ 672 cm-1, corresponding possibly to A1g 

mode) and iron-chromium-spinel, FeCr2O4 (a wider band of A1g mode at ~ 680 cm-1), while no 

Al2O3 was detected (Figure 5.1.9).  

APMT and APM, having more aluminum content than ALK, showed a richer spectra, with 

more peaks, some of which were possible to be ascribed to Al2O3. At APMT, two bands of Al2O3 

between 630 and 650 cm-1 (corresponding to F2g mode at ~ 648 cm-1 and to its shoulder at ~ 633 

cm-1) have been overlapped with a broad band around 668-680 cm-1 (that would correspond to A1g 

mode of Fe3O4 or FeCr2O4, or both together). Besides that, E1g modes of Fe3O4 (at 305 cm-1) and 

Cr2O3 (at 315 cm-1 and 340 cm-1) have been identified. A broad, lower-intensity band spreading 

between 550 cm-1 and 575 cm-1 is supposed to be a result of overlapping of Cr2O3 552 cm-1 peak 

and Al2O3 573 cm-1 peak. Raman spectra of APMT is given in Figure 5.1.10. Raman spectra of 

APM (Figure 5.1.11.) gave the evidence of the Eg (380 cm-1) and A1g (740 cm-1) vibrational modes 
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corresponding to Al2O3, A1g mode of FeCr2O4 (at ~ 635 cm-1) and of Fe3O4 (at ~ 665 cm-1), and 

Eg mode of Cr2O3 (at ~ 340 cm-1). The presence of hematite is also detected in the oxide phase on 

APMT, in a small Eg vibrational peak at ~ 241 cm-1 of Fe2O3, and the big one at 300 cm-1 that 

could be ascribed either to Fe2O3 or to Cr2O3.  

 

 

Figure 5.1.9: Raman spectra of the oxide phase formed on ALK sample (4.0 wt% Al) after 216 h of 

exposure to LBE at 700 0C with ~ 1×10-6 wt% oxygen concentration in liquid. Detected peaks belong 

to Cr2O3, Fe3O4, and possibly to iron-chromium-spinel, FeCr2O4. 
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Figure 5.1.10: Raman spectra of the oxide scale formed on APMT sample (5.0 wt% Al) after 216 h of 

exposure to 700 oC LBE with 1×10-6 wt% oxygen dissolved. α-Al2O3 phase detected in a broad F2g 

band and its shoulder (630-650 cm-1). Fe3O4 and Cr2O3 signals from the primarily formed outer layer, 

and some hematite (Fe2O3) possibly from the secondary oxidation of magnetite. 

 

Figure 5.1.11: Raman spectra of the oxide scales on APM (5.8 wt% Al) after 216 h in LBE at 700 oC 

with ~ 1×10-6 wt% oxygen. Al2O3 peaks of Eg and A1g modes detected, with Cr2O3, FeCr2O4 and Fe2O3 

signals from the primarily formed outer layer, and less magnetite signals than in APMT. 
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The oxides formed on the Fe-Cr-Al samples in the test at 800 0C /10-6 wt% oxygen in LBE 

were found to be comparable with the analogous test from the previous set/group (in different 

sample arrangement) at 800 0C/ 10-6 wt% oxygen in LBE, after 350 h of work. 

 Mostly Al-oxide has been detected in all three Fe-Cr-Al steel samples, with some Cr-oxide 

and Fe-oxides present outwards, as an outer oxide layer in ALK and APMT (unlike APM). On the 

other hand, the zones of Al oxidation below the initial steel surface, i.e. internal oxidation, has 

been detected in APM and APMT (higher wt% Al). Sometimes the zones of double-layer Al-oxide 

were found in both samples (as shown in Figure 5.1.12.a, for APM), unlike to the ALK where the 

Al-oxide was found as a mono-layer (Figure 5.1.12.b) but Fe-/Cr- outer layers were found more 

frequently in ALK. 

       

Figure 5.1.12: (a) APM and (b) ALK in LBE at 800 0C for 216 h, 10-6 wt% oxygen: dominantly Al-

oxide formation; doubled-layer of Al-oxide found in APM (a) and APMT, unlike to ALK. 
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The oxide scale thickness was found to be similar in all three materials (2 – 9 μm in ALK, 

3 – 10 μm in APM, and 3 – 7 μm in APMT), with more detachment and breaking of scales found 

in lower-Al-content steels (ALK and APMT). Due to the larger diversity in oxide scales found in 

ALK, Raman spectra of this Fe-Cr-Al sample have been collected to obtain more insight in the 

oxide structures (Figure 5.1.13).  

The detected spectra revealed more peaks, i.e. a more complex structure of the oxide phase 

(Figure 5.1.13) than in ALK tested in 700oC LBE /1×10-6 wt% oxygen dissolved, for 216 h. 

Besides A1g signal of Fe3O4 (here at a bit lower wavenumber value of ~ 665 cm-1 than in 700 oC 

test) and A1g signal of FeCr2O4 (681 cm-1), Eg and F2g signals of Fe3O4 (at ~ 302 and 539 cm-1 

respectively) have been found as well. The same was true on Cr2O3 where two more peaks have 

been detected (Eg at 310 cm-1 and F2g at ~ 531 cm-1) besides the only one found in 700 oC test, at 

340 cm-1 (Figure 5.1.8), corresponding to 331 cm-1 here (Fig. 5.1.13).  

The most important findings were several peaks attributed to TiO2 and Fe2O3. The 

characteristics and thickness of the oxide scales in this test (800 0C /10-6 wt% oxygen in LBE, 216 

h) are listed in Table B1 (Appendix B). 

 

Figure 5.1.13: Raman spectra of ALK from the test in LBE at 800 0C /10-6 wt% oxygen (216 h). 

Obvious higher abundance of peaks (signals) with TiO2 and Fe2O3 peaks detected, unlike to the ALK 

from 700 oC test (Fig. 5.1.8).  
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The XPS spectrum of the same sample (ALK from LBE at 800 0C /10-6 wt% oxygen after 216 h) 

after ion milling  and removal of ~ 1 μm from the top of the formed oxide scale by Ar+ ions (2 kV 

/ 1 μΑ) showed nicely shaped peaks of Auger electrons of oxygen and chromium (Cr LMM1 and 

O KLL) as well as those of aluminum (Al 2s and Al 2p, although small), which confirmed the 

formation of chromia (Cr2O3) and alumina (Al2O3). The overall values (counts/s) of the signals in 

this spectrum were an order of magnitude higher than in the spectrum of APM from the LBE test 

with 10-7 wt% oxygen dissolved, at the same temperature (see Figure 5.1.7.) indicating higher 

abundance of detected species (compounds). Iron signals detected correspond mostly to those of 

magnetite. However, no evidence of rutile or hematite were found at the analyzed depth of 1 μm. 

The XPS spectrum of oxide scale on this ALK sample is displayed in Figure 5.1.14. 

 

 

Figure 5.1.14: XPS spectrum of the oxide structures formed on ALK sample after 216 h of exposure 

in LBE at 800 0C /10-6 wt% oxygen dissolved, at the depth of ~ 1 μm from the top of the oxide 

(oxide/LBE interface). The spectrum indicates the existence of Al2O3, Cr2O3 and Fe3O4.  
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5.1.3. Cycling/no-cycling tests 

In order to test the hypothesis that thermal cycling is responsible for the detachment of 

oxide layers formed on studied Fe-Cr-Al materials, the third group of static corrosion tests of 

samples in oxygen-controlled LBE with 1×10-6 wt.% oxygen over the temperature range from 

550 °C to 800 °C have been performed, both without and with an additional thermal cycle besides 

the inherent single cycle of heating the autoclave at the start of the test and cooling it down at the 

end of the test, as described previously (the last paragraph of Section 4.2.1).  

a)        b)  

Figure 5.1.15: No thermal cycling (T = const.) tests in LBE: (a) ALK 550 0C after 96 h (4 days); (b) 

ALK 550 0C after 216 h (9 days). 

The tests with no additional thermal cycling (i.e. constant temperature) revealed a complex 

mechanism of oxide formation in the initial stage, with inter-diffusion and migration of elements 

from steel. More growth instabilities are seen at shorter time scale (4 days), suggesting that kinetics 

dominates initially, with re-structuring of the steel components in the near-surface bulk, along with 

oxygen diffusion into steel and internal oxide growth. This has been found to be inversely 

correlated to the Al-content, i.e. being most dominant in ALK and least present in APM (see 

Figures 5.1.15 and 5.1.16, a-b). This growth-instability, characterized by a thicker and less defined 

oxide scale formation after 96 h than after 216 h, is also temperature-dependent, being maximal at 
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550 0C (more extensive than at 6000C, see Figure 5.1.16, c-d), then at 800 0C, having its minimum 

at Tmin that is between 600 0C and 700 0C (closer to 700 0C; most probably 650 ≤ Tmin≤ 700 0C). 

a)  b)  

c)  

d)  

Figure 5.1.16: Tests in LBE/1×10-6 wt% O without additional thermal cycle: (a) APM at 550 0C for 4 

days; (b) APM at 550 0C for 9 days; (c) APM at 600 0C for 4 days; (d) APM at 600 0C for 9 days. 

APM 
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The features found by analyzing the samples from non-cycling test at 700 0C for 4 days are a 

multiple-scale formation on ALK consisted of Al- and Cr- oxides (Figure 5.1.17 a) and a 

disintegration (fragmentation) of steel structure in higher-Al steels, possibly due to the internal 

oxidation and dissolution of steel elements. In APMT, fragmentation of grains in steel crystal 

structure occurs by an intergranular oxidation (Figure 5.1.17 c) and/or by Pb-Bi intergranular 

attack (Figure 5.1.17 b) whereby a steel grain is partially separated from the bulk by liquid metal 

attack and subsequent ‘peninsula’-like formation appears. In APM, a combined effect of multiple-

scale formation and oxide layer fragmentation leads even material dissolution (Figure 5.1.17d). 

a)  b)  

c)  

d)  

Figure 5.1.17: Features from non-cycling test in LBE at 700 0C for 4 days: (a) a multiple-scale 

formation on ALK; (b-c) disintegration (fragmentation) in APMT, assisted by intergranular oxidation 

of Al and Cr (b), and by Pb-Bi intergranular attack (c); (d) multiple-scale formation, fragmentation and 

dissolution in APM.  
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The thermal cycling tests experience a difference betweent the 4 and 9 day exposure times. 

The 4-day tests conducted at 5500, 6000, and 700 0C, oxide scales on all three sample materials 

(ALK, APM, APMT) look very similar to those from the no-cycling tests exposed for the same 

time period. Thin (≤ 1 μm) and adherent oxide scales have been found, with very few locations of 

failure on the surface, especially at 550 0C and 600 0C (Figure 5.1.18). Formed oxide scales at 700 

0C are thicker (1 – 4 μm), being mostly Al-oxide, with some Fe and Cr present closer to bulk, and 

with frequent breakings and spalling of oxide. 

(a)  (b)  (c)  (d)   

Figure 5.1.18: No significant difference between cycling and no-cycling tests at 5500 and 600 0C for 4 

days: (a) APM 600 0C 4-days 1-cycle; (b) APM 600 0C 4-days no-cycle; (c) ALK 550 0C 4-days 1-

cycle; (d) ALK 550 0C 4-days no-cycle. 

At least in one of the samples (ALK) two separated layers were found: one (~ 2 μm) continual 

layer floating in LBE, the other one (3-4 μm) beneath and adherent to the bulk (with LBE between 

them). While Al-Cr-oxide is dominant at 7000C, it is Al-oxide only that is dominant at 800 0C 

(change in chemistry between 700 0C and 800 0C). 

In the 9-day thermal-cycling test at 800 0C, detachment (spalling off) of larger portions of 

the oxide scales has been found in all three samples, along with occasional findings of broken-up 

oxide layers. The worst effect has been found in the APM sample. According to the EDX results, 

the scales on all three Kanthal samples are mostly alumina, with some Cr-oxide (Figures 5.1.19 a 

– b for APMT and APM, and Fig. 5.1.20d for ALK). The similar effect of breaking and spalling 

has been found in samples from the non-cycling tests at 800 0C in both durations, though less 

frequent - at relatively lower number of EDS-analyzed spots (Figure 5.1.19 c). Of course a 

detached oxide layer is not protective and severe dissolution is the result. 

APM APM ALK ALK 

3 µm 10 µm 10 µm 
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Figure 5.1.19: (a – b) Spalling, breaking and delamination of oxide scales in the APMT and APM 

samples from the LBE test at 800 0C for 9 days, with an additional thermal cycle; (c) spalling and 

delamination of the oxide layers in the APM sample from the LBE test at 800 0C for 4 days, without 

an additional thermal cycle. 

At 800 0C 4-days (both cycling and no-cycling) breakings and spalling of oxide was 

observed. The no-cycling test, which was cooled only once (at the end of the test) showed only 

one detached layer, while the cycled test at the same temperaturewith two thermal cycles during 

the exposure period (one in mid-term, the other at the end of the test) shows two layers, at least 

one of them detached (see Fig. 5.1.20 c). In any given sample, it was possible to distinguish those 

zones in which the oxide scale broke and detached at the end of the test (final cooling) from those 

in which it occurred in the middle of the test, because in the latter case, new scale formation was 

found on the steel surface (whether adherent or detached again). 

The evidence of the internal oxidation has been detected in both cycling and non-cycling 

tests, especially in 800 0C cycling tests (APMT from the 4-day test, and ALK and APMT from 9-

day test) and in non-cycling tests at 700 and 800 0C for 4 days (Figures 5.1.20 a-d and 5.1.17 c). 

At least in one sample (APMT from non-cycling test at 700 0C for 4 days) there was an evidence 

of intergranular internal oxidation (Fig. 5.1.17 c). 
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(a)   (b)   

(c)   (d)  

Figure 5.1.20: Internal oxidation in thermal-cycling tests: (a-b) APMT from LBE at 800 0C for 4 days; 

(c) APMT from LBE at 800 0C for 9 days; (d) ALK from LBE at 800 0C for 9 days. 

  

Internal  

oxidation 

Internal  

oxidation 

APMT 

APMT ALK 

APMT 
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5.2. TEM study of the structures of oxide layers 

 

5.2.1. ALK after 360 hours of exposure to LBE (contatining 5×10-6 wt% oxygen) at 800 0C 

The TEM analysis of the oxide layers formed on ALK steel sample after exposure to LBE 

at 800 0C for 360 h (with the average ~ 5×10-6 wt% oxygen concentration in LBE) revealed the 

existence of the two morphologically distinguishable different structures represented above in the 

dark-field STEM image (see Fig. 4.3.2.1.b). The oxide can be categorized into an inner area, next 

to the substrate bulk, and an outer area, towards the liquid phase (represented as epoxy). The inner 

layer (Layer 1) is a 1.0 – 1.5 μm thick layer that appears morphologically more homogeneous and 

darker in contrast (indicating dominance of a lower-Z element, like Al), while the outer layer 

(Layer 2) appears more heterogeneous with a fine-grain structure and bright-contrasted islands. 

Most of the bright spots in the outer layer indicate the presence of higher-density phases, such as 

metallic iron (Fe) and chromium (Cr), in the oxide, while the brightest spots indicate metallic lead 

(Pb) and bismuth (Bi). 

The high-angle annular dark field (HAADF) STEM imaging mode shows the existence of 

three distinguishable sub-zones (from now on called “sub-layers”) in the outer oxide layer (Figure 

5.2.1). The sub-layer next to the inner layer, sub-layer 1, retains alumina (Al2O3) as the dominant 

structure from the inner layer, with the 0.3-1.0 μm diameter grains. Sub-layer 2 appears more 

heterogeneous, with smaller-size grain features of various morphological appearance dispersed in 

the same matrix structure as in sub-layer 1. In sub-layer 3, the island-like formations from Sub-

layer 2 are structured as continuous bands, intercepted with zones of pure matrix (as from the inner 

layer) and of structures very similar to those in sub-layer 1. A preliminary EDS map scan of overall 

oxide scale (performed by TitanX microscope, over the TEM-imaged area labeled by a green 

rectangle, far left on the Figure 5.2.2.a) confirmed the dominant Al-oxide and some Ti-oxide in 

the inner layer, and various elements in the outer layer (Figure 5.2.2. b-c). There is an evidence of 

the penetration of Pb and Bi from LBE into the outer layer, while there have been almost no 

findings (evidence) of their penetration into the inner layer or into the substrate bulk. 
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Figure 5.2.1: HAADF STEM images of oxide layers formed on ALK after 360 h of exposure to LBE 

at 800 0C with 5×10-6 wt% oxygen, showing the three sub-structures in the outer oxide layer, the inner 

oxide layer, and locations of the subsequent figures presented in this section (Figures 5.2.4 to 5.2.9, 

from right to left). Figures 5.2.4 – 5.2.6 are obtained from the inner layer, while 5.2.7 - 5.2.9 belong to 

the outer layer and correspond to the sub-layers 1, 2 and 3, respectively. 

 

Figure 5.2.2: (a) HAADF image segment, with high-resolution EDS map scans (b-c) of the labeled 

area (green rectangle, far left).  
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The differentiation into two zones (inner and outer layer) in the oxide, with elemental 

distribution maps, is visible also in Figure 5.2.3 (images obtained by TitanX). A detail from the 

dark-field TEM image (see Figure 5.2.3.a), which was also presented in HAADF imaging mode 

(Figure 5.2.3.b), has been characterized using an EDS map scanning. It is visible that the layer 

closer to the bulk contains more Al- (and some Cr-) oxide, while the layer in touch with liquid 

(LBE) phase contains dominantly Fe-oxides, besides Al and some Pb (Figure 5.2.3. c – e). Ti has 

been found in two zones: in inner layer next to the bulk/oxide interface, and in the distal part of 

the outer layer (close to the LBE, see Figure 5.2.3.c). 

 

Figure 5.2.3: A detail from the dark-field TEM image (obtained by TitanX microscope) of the overall 

oxide zone in the foil (a), seen in HAADF mode (b), and scanned by EDS (c – e): the inner layer 

contains mostly Al-oxide (and some Cr- and Ti- oxide), while the outer has more Fe-oxide and some 

Pb, besides Al-, Cr- and Ti- oxides. 

A more detailed TEM analysis of the layers was performed at the locations indicated by 

the red rectangles in Figure 5.2.1. Firstly, Figure 5.2.4 presents a segment of the inner oxide layer. 

a) b) 

c) d) e) 
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Band-like structures, with alternating darker and lighter zones, are visible that do not seem to 

follow the granular structure of the steel (Figure 5.2.4.a). EDX maps and line scans performed on 

different spots in the inner oxide layer (Figures 5.2.4. b – d and 5.2.5. b – d) showed the presence 

of Al, O and Ti (rarely some traces of Cr), with a very small amount of Bi and Pb. The appearance 

of darker and lighter contrasting pieces that build up the inner layer might be related  to the 

presence of greater or lesser trace amounts of Ti and Cr (Figure 5.2.5.b) immersed in Al-oxide 

matrix. Occasionally, some Ti-oxide is detected near the steel-oxide interface, as small islands 

surrounded by Al-rich oxide (Figures 5.2.5. c – d). Very little occurrence of lead and iron, and 

almost no bismuth and chromium, is detected by EDS scanning in this area. High resolution TEM 

(HRTEM) of this area has been performed on several spots from the inner layer (one of them 

presented in Figure 5.2.5.e), with subsequent Fast Fourier transformation (FFT) by using the 

software tool ‘‘Digital Micrograph™’’, which confirmed that the Al-rich oxide is Al2O3 in the 

inner oxide. 

 

   

Figure 5.2.4: (a) HAADF image of the inner oxide layer and steel bulk, with the location of EDS map 

scan (green square) shown. (b-d) map reveals Al-oxide as the by far most dominant oxide in the inner 

layer, with some Ti and TiO2 near the steel-oxide interface.   

a) b) c) 

c) d) 
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Figure 5.2.5: (a) HAADF image of the inner oxide layer and steel bulk (the one from Fig. 5.2.4.a) with 

the location of the two line scans, and a higher-resolution map scan (HRTEM) of the section in the 

inner layer (red square) shown. (b) clusters of Cr- and Ti-oxide found in the Al-oxide matrix; (c – d) 

linescans reveals again Al2O3 as the most dominant structure in inner oxide, with some Ti and TiO2 

near the steel-oxide interface (zero position on the EDS line scans corresponds to the red line’s end 

closer to the attributed number, on Fig.3a); (e) Al-oxide, according to HRTEM, corresponds to the 

alumina (Al2O3) structure. 

 An EDS map of the inner oxide layer near the interface with the steel (Figure 5.2.6. b, d-e) 

shows that titanium concentrates at the interface. In some areas at the interface, the Ti is 

incorporated into the predominant aluminum oxide (Al2O3). Based on the thermodynamics at 

800 0C for the given concentration of oxygen dissolved in LBE and the Ti content in ALK, we 

may assume that the Ti-oxide has a TiO2 structure. In other areas of the interface, the Ti is in the 

form of elemental metal. Besides the lack of oxygen signal in the EDS map in these areas, the 

metallic form was confirmed further by analyzing, with the TEM’s electron-diffraction-imaging 

mode, a spot in the inner oxide layer near the interface with the steel (Figure 5.2.6.a-b). An inverse-

Fourier transform of the diffraction pattern (Figure 5.2.6.c) has indicated that the crystal structure 

at the spot is that of the [211] hcp structure of metallic Ti and not that of the fcc structure of the 

metallic (elemental) Al. 

a) b) c) 

d) 

c 

d 

b 

e 

e) 
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Figure 5.2.6: (a) TEM image of the interface between steel bulk and inner oxide layer and (b) HAADF 

of the zoomed area (green square); (c) micro-diffraction pattern from the red spot on image(b), found 

to correspond to the [211] hcp crystal structure of elementary titanium (Ti); (d-e) EDS map scan of 

HAADF image (b), revealing the alumina (Al2O3) as a predominant oxide with some TiO2, and 

titanium (Ti) precipitates in the steel-oxide interface zone. 

 Figure 5.2.7 presents the results of a STEM analysis of sub-layer 1. This sub-layer has a 

less compact and less homogeneous appearance than Layer 1 (the inner layer), showing pores and 

also bright and dark contrasted regions that indicate two different phases (Fig. 5.2.7.a). The dark 

grains/areas have a width of 1-2 μm. EDS line scans performed on the dark and bright area (lines 

b and c on Fig. 5.2.7.a) have revealed that the dark area has almost only Al and O, and thus likely 

consists mostly of Al2O3 similar to the inner layer (see Fig. 5.2.7.b – c), while the lighter zones 

contain Fe, Cr, and some Pb and Bi. Thus, the shading of these areas is consistent with the dark 

contrast of a low-density material and the bright contrast of a high-density material, on STEM 

HAADF images. 

300 nm 

a) 
b) 

c) 

d) e) 
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Figure 5.2.7: (a) STEM image of the sub-layer 1 of the inner oxide layer (see Figure 2a); (b) an EDS 

line scan, corresponding to the line b on (a), reveals the dominant Al2O3 matrix (although less 

homogeneous and uniform) with some Fe- and Cr- oxides, and more Pb and Bi penetration. 

 Sub-layer 2 diverges significantly from the morphology of the inner oxide. It has a 

discontinuous structure, with a more heterogeneous appearance, characterized by several bright 

areas in the dark matrix (Figure 5.2.8.a). The diameter, or width, of these light regions varies 

between 200 to 600 nm. EDS line scans reveal the presence of Fe, Cr, Ti, O, as well as Pb and Bi 

(Figure 5.2.8.b), with different light regions having different elements. A high resolution TEM on 

one of these light “islands” (Figures 5.2.8. c – d) has revealed a structure that corresponds most 

probably to magnetite, Fe3O4, or to iron-chromium spinel, FeCr2O4; these structures cannot be 

distinguished from each other by this method due to their lattice parameters similarity. Line scans 

performed across the spots in sub-layer 2 of the outer layer revealed a complex chemical content, 

with Fe, Al and O as the most dominant elements. Based on the HRTEM imaging and the Fast- 

Fourier transform (FFT) performed in this area, it was found that the lighter zones consist of Fe-

containing oxides of a spinel-type structure (AB2O4) with the lattice-constant values of 4.81 ± 0.04 

Å ([111] d-spacing) and 4.15 ± 0.06 Å ([200] d-spacing). The difference between the lattice 

constants of Fe3O4 and FeAl2O4 is less than 0.2 Å for any d-spacing and therefore cannot be 

resolved using the electron diffraction. 
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Figure 5.2.8: (a) A detail from sub-layer 2 of the outer oxide layer; (b) Three EDS line scans over the 

structures in the detail, revealing more iron-based oxides with some Al- and Ti-oxide, and penetration 

of bismuth and lead; (c) HRTEM of the sub-layer 2 and (d) FFT corresponding to the HRTEM image 

that confirms the Fe3O4 (magnetite) oxide structure. 

 Sub-layer 3 (Figure 5.2.9.a) consists of a variety of oxides and is a heterogeneous and non-

uniform structure, in that way similar to sub-layer 2. On the other hand, the prevalence of Al-oxide 

makes it more similar to sub-layer 1. The EDS line scan (Figure 5.2.9.b) reveals again the 

dominance of Al-oxide, with some Fe-oxides and slightly more chromium and penetration of the 

heavy metals.  Unlike to the other two sublayers, the electron diffraction patterns of sub-layer 3 

contain spots with crystal lattice parameters of a = 5.1 Å and c = 13.8 Å that can be indexed as the 

(211) hcp pattern of hematite, Fe2O3 (Figure 5.2.9.c).  

 

Figure 5.2.9: (a) A detail from sub-layer 3 of the outer oxide layer; (b) an EDS line scan and (c) electron 

diffraction pattern of the marked spot (image a) that corresponds to (211)hcp spacing of hematite 

(Fe2O3). 

 

) a) 
c) 

d) 

) 
a) 
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5.2.2. ALK after 216 hours of exposure to LBE at 800 0C / 1×10-6 wt% oxygen dissolved  

A lower oxygen concentration (~ 5 times lower than in the case of previously described 

TEM-analyzed ALK sample, sub-chapter 5.2.1) and a shorter exposure time (216 vs. 360 hours in 

previous TEM-analyzed sample), for the same Al-content and same temperature, effected on the 

homogeneity of the oxide scale formed. The overall scale morphologically appeared as more 

uniform and homogeneous, while the detailed analysis revealed still the existence of the two 

structures (two layers) in this oxide scale (Figure 5.2.10 a). The inner layer has been found to 

consist mostly of Al-oxide, based on EDS data (Fig. 5.2.10 f), while the outer consists of Fe- and 

Al- oxides (Figure 5.2.10 d-e). In both, very few Cr and Ti has been found (almost no Ti in outer 

one, more Cr in outer than in inner layer). An HR TEM on several spots from the outer layer (one 

shown in Figure 5.2.10 b) with subsequent FFT revealed the Fe-spinel structure, FeX2O4 (X = Fe, 

Cr, Al) having the lattice-constant values of 4.77 ± 0.05 Å ([111] d-spacing) and 4.14 ± 0.04 Å 

([200] d-spacing), as shown in Figure 5.2.10 c. This might include FeCr2O4 and FeAl2O4, while 

hardly can include magnetite itself, Fe3O4 (whose parameters are 4.84 ± 0.02 Å for [111] d-spacing 

and 4.195 ± 0.015 Å for [200] d-spacing). The difference between the lattice constants of FeCr2O4 

and FeAl2O4 is ≤ 0.17 Å for any d-spacing and therefore these structures are indistinguishable. 

However, the minor presence of Cr compared to Al in this layer gives support to FeAl2O4 structure 

as the detected one. 

The electron diffraction images of the two layers confirmed the indicated structural 

differences between them. Electron diffraction patterns from the outer layer confirmed the 

existence of the spinel [100] diamond-cubic structure (Figure 5.2.11 a), while on the other analyzed 

spots there have been found an overlapping of [100] spinel (dc) pattern with the [210] hcp of γ-

Al2O3 (Figure 5.2.11 b), meaning that electron diffraction has been performed on the boundary 

zone between Fe-spinel and Al-oxide structures. This confirms a significant presence of Al2O3 in 

the outer later, not being restricted to inner one only. Electron diffraction patterns revealed almost 

exclusively the presence of Al2O3 in the inner layer (Figure 5.2.11 c), with rare Cr2O3 (the two 

patterns overlapping on Fig. 5.2.11 d). 
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Figure 5.2.10: (a) Dark-field TEM images showing the outer and the inner oxide layer in ALK sample 

exposed to 800 0C LBE in 1×10-6 wt% O for 216 h; (b) a segment from the outer layer, with denoted 

spot analyzed by HR TEM; (c) HR TEM of the spot from previous image with inserted FFT; (d) – (f) 

three EDS line scans (first two from the outer, last one from the inner one), corresponding to the spots 

labeled on image (a): dominantly Fe- and Al- oxides in the outer, and dominantly Al-oxide in the inner 

oxide layer. 

In general, oxide scale on ALK sample from this test (in LBE at 800 0C /1×10-6 wt% O for 

216 h) shows more ‘homogeneity’ (looks more uniform/monotonic) in morphological appearance 

(Figure 5.2.10 a), and same in obtained structural data, which confirmed fewer oxide structures, a 

domination of Al in both of the layers (FeAl2O4 + Al2O3 in outer, and Al2O3 in the inner layer), 

and significantly less Pb and Bi in layers, compared to ALK sample from same-temperature, same-

duration LBE test in higher oxygen concentration (5×10-6 wt%), presented in Ch. 5.2.1. Lower 

oxygen concentration, as the only parameter varied between these two tests, seems to be 

responsible for this structural difference. 
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a)  b)  

c)   d)  

Figure 5.2.11: (a) Electron-diffraction pattern from the outer oxide layer, corresponding to the [100] 

diamond-cubic (dc) structure of spinel FeX2O4 (X = Fe, Cr or Al); (b) electron-diffraction pattern from 

the outer layer corresponding to the [100] dc spinel structure that overlaps with a [210]hcp of γ-Al2O3 

structure; (c) and (d) electron-diffraction patterns from the inner oxide layer, corresponding mostly to 

the diamond cubic Al2O3 and monoclinic (m) Al2O3, with some of the unlabeled dots corresponding to 

Cr-oxide(s). 
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5.2.3. APM after 216 hours of exposure to LBE at 700 0C / 1×10-6 wt% oxygen dissolved 

During the preparation of TEM foil from this sample, a more material was removed by FIB 

preparation (i.e. foil was more damaged than those of the previously analyzed samples). TEM 

imaging revealed a rather monotonic structure of the oxide phase, apparently as one layer, with no 

sub-layers distinguishable (Figure 5.2.12) 

  

Figure 5.2.12: (a) Bright-field TEM image of the oxide scale formed on APM sample exposed to LBE 

at 700 0C /1×10-6 wt% O for 216 h, with steel and oxide phases labeled, as well as the zones of further 

investigation (yellow rectangle and orange circle); (b) a zoomed region showing portions of Fe-oxide 

grains inside the Al-oxide matrix; (c) Fe-oxide(s) and Al-oxide confirmed by EDS line scan (along the 

spot labeled on the image (b) above). 

EDS analysis of the oxide scale on several spots in the area labeled by yellow rectangle on Figure 

5.2.12 a (zoomed on Figure 5.2.13 a) revealed Al-oxide as the dominant structure, and some 

areas/spots with Fe-oxides and Cr-oxides (or Fe-Cr-spinel) distributed in the Al-oxide matrix 

(Figures 5.2.13 b – d). Electron diffraction on some spots detected the structures of FeX2O4 spinel 

(where X is either Fe or Cr) and Cr2O3 occasionally overlapping with it (Figure 5.2.13 e), while 

a) 
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on some spots there have been found the diffraction circles that fit well to Al2O3. Diffraction circles 

indicate an amorphous structure of Al-oxide (partly also due to the too thick zone of TEM foil). 

     

     

e)  f)   

Figure 5.2.13: (a) Dark-field TEM image of the oxide scale formed on APM exposed to LBE at 700 

0C /1×10-6 wt% O for 216 h, with EDS line scan spots and spots analyzed by the electron diffraction 

labeled; (b) – (d) three EDS line scans reveal mostly Al- and Fe- oxide; (e) and (f) electron diffraction 

patterns of the marked spots on image (a) that correspond to FeX2O4 (X = Fe, Cr) and Cr2O3 (e), i.e. to 

the amorphous Al2O3 (f).  
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5.3. Laue-μXRD 

5.3.1. Laue μXRD of ALK after 360 h of exposure in LBE at 800 0C / 5×10-6 wt% O dissolved 

The preliminary X-ray fluorescence (XRF) map scan indicated a higher concentration of 

Fe and Ti around the bulk-oxide interface (Figure 5.3.1). To analyze μXRD data, two maps of 

50 × 100 pixels are generated by indexing the μXRD patterns, relative to the body-centered cubic 

(BCC) iron phase [120]: recorded intensity map (RIM) and filtered intensity map (FIM). In the 

RIM, four different zones are visible (separated by dashed lines on Figure 5.3.2.a): besides the 

epoxy-holder region which is the lowest-intensity one (furthest right), the next lowest intensity 

one is the low-ordered (phase-transformed) region that corresponds to the oxide phase grown atop 

the steel surface (10-15 μm, in the center), while to the right is the zone of Pb-Bi precipitate (~ 25 

μm) above the oxide scale (with structural elements dissolved in it) and to the furthest left is the 

best-ordered (the brightest one) - zone of the bulk steel crystal. The FIM image (Fig. 5.3.2.b) is 

obtained by adding a filter of four times of the average intensity of each pattern to qualitatively 

map the defect density and grain boundaries, so the bulk Fe-Cr-Al steel substrate, which is almost 

a single crystal, is visible, while the rest (phase-transformed zones of oxide and Pb-Bi-precipitate) 

is mostly dark on the image, with only traces from LBE precipitate still remaining a bit lighter in 

the dark background. Comparing the two intensity maps as shown in Figures 5.3.2.a and 5.3.2.b 

(FIM and RIM maps) allows to clearly distinguish between the steel, the oxide and the LBE phases. 

 

Figure 5.3.1: A preliminary XRF scan, for positioning the sample edge and preliminary detection of 

the elements in scanned region. 

After filtering (kept patterns with ≥ 6 peaks indexed), the crystal orientation at all scanning 

positions of the remained area relative to the arbitrarily chosen [001] direction has been obtained. 

A slight variation of up to 0.2o in orientation of the segments of the crystal has been found in 

proximity to the interface (with a minimum detectable change of 0.01º, being the error magnitude).  
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Figure 5.3.2: (a) Recorded-intensity map (average intensity of the diffraction peaks); (b) Filtered-

intensity map displaying  spots with more than 6 peaks indexed as BCC iron; (c) bulk crystal orientation 

map in a narrow angle range (26.8 o - 27.0 o). The intensity drop-off line (borderline between red and 

yellow zone to the right on filtered-intensity map) does not fully correspond/fit/correlate with 

orientation drop-off line (borderline between red and yellow zone to the right on orientation map). 

Comparing b) and c) it can be seen that the peak intensity is reduced near the surface for [001] 

orientations indicating the formation of new grains. 

(c)      steel 
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Therefore, the orientation map is represented in a narrow range of 26.70 – 27.00 (Figure 

5.3.2.c) to uncover the fine orientation differences that represent possible plastic deformation and 

defect formation, following the method introduced elsewhere [170]. 

The peak width is defined as the average FWHM, in the unit of degrees, of all recorded 

reflections in each Laue diffraction pattern. The peak width increases and becomes significantly 

broadened in the region close to the metal/oxide interface within the steel, concurrent with a 

decrease in observed peak intensity. The average peak width evolution has been tracked along 

three lines parallel to the longer edge of XRD scan spot, i.e. varying the X-coordinate (red, black 

and yellow lines in Figure 5.3.3.a) and plotted in Figure 5.3.3.b. These line scans reveal a 

monotonic, uniform broadening (peak width increase).  

In order to reveal the mechanism that produces peak broadening, quantitative peak shape 

analysis is performed on the (01̅3) peak, which was chosen because it the most intense peak 

observed. Peak shapes were fitted with Lorentzian functions, so that the peak position and width 

were determined with a precision of ~ 0.1 pixels. The FWHM of the peak in chosen spots increases 

as we go from the bulk towards the steel-oxide interface (Figures 5.3.3.c-e). There is a significant 

peak intensity decrease, while less increase in width of the peaks (non-compensated) as we move 

from the bulk depth towards the proximal bulk, which indicates strain (plastic or elastic, or both). 

The anisotropic broadening, along with Lorentzian peak shape, indicates the existence of plastic 

deformation achieved by the geometrically necessary dislocations (GNDs). For simplicity, three 

typical (01̅3) peaks are picked out along the same line, parallel to the X-coordinate (red dots b - 

d on Figure 5.3.4.a) and distanced 35 µm, 15 µm and 7 µm respectively (on X-axis) from the oxide 

interface, and the diffraction peak shape evolution in two (X-Y) dimension has been furtherly 

analyzed (Figure 5.3.4 b-d). A peak striking in more than one direction has been detected as we 

get closer to the steel-oxide interface, indicating an induction of more than one dislocation slip 

direction. The tiny sharp peaks next to the main peak (circled, to the right, on Figure 5.3.4 d) 

appear with every Fe peak in the selected pattern, indicating the appearance of a second, well-

crystallized sub-grain with slight rotation from the original matrix. However, it is not present in 

every pattern along the boundary zone. This suggests that the boundary is slightly inhomogeneous, 

which is expected since it has mixed metal/oxide interface.  
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Figure 5.3.3: (a) Average peak width distribution of the scanned area; (b) Average peak width evolution 

along the patterns (three lines parallel to X-axis on Figure 5.3.3 a); (c-e) Broadening of the Laue (01̅3) 

peak width in 2θ direction from three arbitrary spots (corresponding to the yellow dots on Fig. 5.3.2 a) 

plotted in 2D projection onto (031) plane (top), and in 3D view (bottom) with topographic projections 

(small images). 

(a) 

(b) 

(c) (d) (e) 

X 

Y 

Z 

   

c    d   e 

-0.3   -0.2   -0.1    0.0    0.1    0.2    0.3  
-0.3  -0.2  -0.1   0.0   0.1   0.2   0.3      

-0.2      -0.1       0.0       0.1       0.2  

( o) 
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Figure 5.3.4: (a) Three analyzed spots labeled on the average peak width distribution map (red dots); 

(b-d) Streaking and splitting of the (01̅3) peak in more than one direction, as moving along the X-axis 

from the deep bulk towards the steel-oxide interface (corresponding to the red dots b-d on Image 4a). 

Diffraction peak broadening is correlated to the defect density in a specimen according to 

Barabash et al. [117] and Maaβ et al. [143]. Splitting and streaking of Laue diffraction peaks can 

be linked to the density of geometrically necessary dislocations (GNDs). For BCC iron, the crystal 

lattice parameter is a = 0.28665 nm, therefore the Burgers vector is:  

𝑏 =
𝑎

2
∙ 〈111〉 = 0.28665 ∙

√3

2
≈ 0.248 𝑛𝑚       (1) 

Dislocation density (ρD) is obtained from the disorientation angle (i.e. orientation change vector, 

R), and Burgers vector according to Cahn-Nye relationship [144]:  

𝜌𝐷 =
1

�⃗⃗⃗�∙�⃗⃗⃗�
      (2) 

(d) (b) (c) 

(a) 

 b       c    d 

( o) 



114 
 

Therefore, the dislocation density map is obtained from the orientation map, and a disorientation 

gradient of 1o/μm in this case corresponds to maximum GND density of ~ 5×1016 cm-2 (Figure 

5.3.5). The dislocation density is significantly higher (at least 10 times) beyond the intensity drop-

off line (steel-oxide interface proximity), compared to the values in the deep bulk zone, and stays 

in a good correlation with peak width distribution. 

 

Figure 5.3.5: Dislocation density map corresponding to the area scanned by Laue μXRD. 

 

The strain tensor has been calculated using the formalism described in detail elsewhere 

(Section 2.2.3) [122]. The deviatoric strain components have been calculated based on a direct 

measurement of the positional deviation of deformed unit cell when compared to an ideal model 

(bcc Fe unit cell). The three eigenvectors and eigenvalues associated with the third order deviatoric 

strain tensor have been calculated by XMAS software [120], and represented on maps in Figure 

5.3.6. The magnitude of the eigenvector is the corresponding eigenvalue (where the magnitudes of 

the eigenvectors are unified). Maximal and minimal magnitude vectors are plotted as the direction 

arrays of most and least compression in Figure 5.3.7 a-b, based on [171-172]. Because of the nature 

of deviatoric strain, the minimum of three eigenvalues is negative, while the maximum is positive, 

indicating compression and tension, respectively. 
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Figure 5.3.6: (a - c) Distribution of the ε11, ε22 and ε33 (respectively) components of the deviatoric 

strain tensor. 

(a) 

(b) 

(c) 
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Figure 5.3.7: (a) Compressive principal strain and (b) tensile principal strain. In (a) and (b), 

projections of the principal strain axes on the XY-plane are denoted by arrows in every 3rd pixel. 

A zone in the bulk next to the steel-oxide interface suffers compression (due to both thermal 

expansion mismatch and internal oxidation), while below that zone there is a compensatory 

(reactive/consequent) tension maximum (green rectangle in Figure 5.3.6 b). 

In order to exclude the possible contribution of polishing to plastic deformation, an 

additional μXRD scan was performed on a second sample of the same material, polished but not 

treated in LBE. After polishing, but before annealing, the sample consists of smaller-size grains. 

μXRD scanning showed there is no significant contribution from polishing: even if there was any 

strain induced by polishing, the annealing effect in the beginning of exposure to LBE nulls 

(resolves) that strain. Besides that, maximum peak width values are only 1/3 of maximum values 

after exposure to 8000C LBE, even if there were no resolving due to the annealing (Figures 5.3.8 

a-b). 

(a)   (b)  

Figure 5.3.8: (a) In-plane filtering orientation map in X-direction and (b) peak width map of the ALK 

sample polished only (not treated in LBE). 

(a) (b) 



117 
 

5.3.2. Laue μXRD of ALK after 216 hours in LBE at 800 0C /1×10-6 wt% oxygen,  

In this sample, a multi-granular structure has been detected by Recorded-intensity map 

(RIM), with diverse grain size, 5 – 60 μm, in the scanned region (Figure 5.3.9). Filtered-intensity 

map (FIM) has been obtained by selecting any pattern with 6 or more indexable peaks, in the same 

manner as described in Ch. 5.3.1. The inverse pole figure (IPF) maps along the X- and Y-axes 

obtained from the μXRD measurements prove that the orientation of <001> direction of the grains 

near the metal-oxide interface is collinear with X-axis (Figure 5.3.9 b), i.e. parallel with the oxide 

scale stretching plane, while the IPF-Y map (Figure 5.3.9 c) illustrates that the linear combination 

a<001> + b<111> of the grain orientations (a, b - constants) is parallel with the Y-axis, with <001>, 

<223> and <334> directions fitting the best. 

 

Figure 5.3.9: (a) Recorded-intensity map, and (b – c) IPF maps along X- and Y-axis, respectively, 

obtained from μXRD. 

Peak width map revealed two phenomena (features), i.e. two simultaneous effects of peak 

broadening. One is the peak width increase along the Y-axis direction from the deep bulk towards 

the surface, where it becomes significantly broadened in the bulk region close to the metal-oxide 

111 

001 101 
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interface. The other is the peak broadening around grain boundaries of several grains closest to the 

surface (to the metal-oxide interface). Both features can be seen in Figure 5.3.10 a. The average 

peak width evolution has been tracked along three lines parallel to the longer edge of XRD scan 

spot, i.e. to the Y-axis (lines 1, 2 and 3 in Figure 5.3.10 a) and one along a line parallel to the X-

axis (line 4 in Figure 5.3.10 b). These line scans reveal a monotonic, uniform broadening (peak 

width increase) along Y-axis, in bulk near interface (Figures 5.3.10 b – d), but also along the line 

parallel to X-axis (Figure 5.3.10 e), in the zone of two bordering grains around the grain boundary 

between them (Fig. 5.3.10 a, grain boundary between the two grains next to bulk-oxide interface). 

a)      c)  

d)   e)  

Figure 5.3.10: Average peak width evolution along the patterns 1 – 4 (three parallel lines, 1, 2 and 3, 

and the fourth one perpendicular to them on Figure 5.3.10 a). 
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Peak width increase imply the dislocation density increase in the same zones next (or very 

close) to the oxide phase zone, indicating a possible external source of this. It could be again either 

thermal expansion coefficient mismatch or internal oxidation as a source (or both). Peak width 

increase around grain boundaries close to the surface (to the metal-oxide interface) indicates a 

possible internal (or even more specifically – intergranular) oxidation. However, the calculation 

given later (Chapter 6.5) does not support this hypothesis as plausible, as the calculated oxygen 

penetration depth is ≤ 10 μm, but still might support the internal oxidation inside the steel grain, 

next to the metal-oxide interface (Figure 5.3.10 a). 

However, strain maps (tensile and compressive strain map, Figure 5.3.11 a – b) do not 

show a significant increase in any strain, in the zones corresponding to the peak broadening and 

dislocation density increase. At least, the zones of maximum tensile strain are not limited to peak 

width increase zones only, but are distributed over the other grains and other zones. This might be 

interpreted by the effect of many grains: in that circumstances, strain is partially relieved (released) 

over the grains in contact with the most-strained one, then over the other grains in contact with 

those, etc. Though, a red double belt of tensile strain near-maximum is noticeable in a grain next 

to the metal-oxide interface, to the left (Figure 5.3.11), which corresponds to the peak width 

maximum zone (Fig. 5.3.10 a). Also, principal strain axes distribution (represented over tensile 

and compressive strain maps with small black axes) in that same grain shows a change in their 

orientation next to metal-oxide interface (bulk surface) and to the boundary between that one and 

the other one in contact with oxide scale, especially in compression map. This indicates an external 

source of strain induction in that area, not due to the mechanical pressure between grains in contact, 

possibly due to the thermal expansion coefficient mismatch between steel and oxide, and partly 

due to the oxygen diffusion along grain boundaries and intergranular oxidation (mostly of Al, that 

also diffuses faster along grain boundaries than Fe and Cr). 
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Figure 5.3.11: Distribution maps of (a) tensile and (b) compressive principal strain. 

 

 

5.4. Experimental evaluation of the novel-designed alternatives of LBE: Pb-Bi-Sb and Pb-

Bi-Ge 

 Figure 5.4.1 shows SEM of selected spots of the three Kanthal samples tested, after 216 h 

of exposure to Pb-Bi-Sb at 700 0C. At all samples from both tests it has been found that the 

protective scales have been formed as stable and continual at larger sectors of the steel surface. 

Rarely there were some spots with broken/spalled parts of oxide scale, but no larger-scale 

dissolution of steel elements and penetration of liquid into the bulk has been found in any of the 

samples. 

Mostly it was Al-oxide that was found in the scales, in all three samples, in both Sb and 

Ge tests, with some Fe and Cr detected (either in elemental form as dissolute, or more possibly as 

oxides). The total thickness of these layers was ≤ 3.5 μm in all three of them. Neither antimony 

nor germanium were detected to be a constituents of the protective scales, i.e. no intermetallic 

compounds with Fe or Cr have been found by EDS in any of the three Kanthal steel samples. 
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Figure 5.4.1: Oxide scales formed on Kanthal samples after 216 h of exposure to Pb-Bi-Sb alloy at 700 

oC (a – c), and to Pb-Bi-Ge at 700oC (d – f).  

 

5.4.1. Pb-Bi-Sb alloy 

After exposure to stagnant liquid Pb-Bi-Sb alloy for 216 h at 700 0C, continuous Al-oxide 

layers were observed on the surface of APM and APMT steel samples. The scales found on APM 

were a bit thinner (≤ 2.0 μm) than those found on APMT (2.0 – 3.5 μm), and in both of them very 

rarely some breakings of oxide scale have been found, with no significant corrosion damage 

(Figure 5.4.2.a – b). On the other hand, ALK developed more discontinuous and less compact 

oxide scale (still mostly Al-oxide), and exhibited more corrosion damage with more dissolution of 

Fe and Cr (Figure 5.4.2.c). It was not possible to find any indication of participation of Sb-oxide 

(any tipe) in protective scales formed, in any of the three analyzed samples. 

(a)         (b)      (c) 

 

 

 

 

 

(d)         (e)       (f) 
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a)  b)  

c)  

Figure 5.4.2. EDS scans of the three Kanthal steel samples at the steel-liquid interface cross-section 

after 216 h (9 days) of exposure to Pb-Bi-Sb alloy at 700 oC: (a) APM - line scan, (b) APMT - line 

scan, (c) ALK - map scan. 
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However, in one sample (APM) at ~ 4.5 mm from the bottom (immersed) end of the sample slice, 

the SEM/EDS analysis of the spot in cross-section detected the presence of Sb accumulation next 

to the oxide scale zone (in the oxide-liquid interface), in the area where there is still significant 

presence of Fe and Cr. A relative peak intensity ratio Fe : Cr : Sb = 140 : 110 : 105 (a.u.) at ~ 6.3 

μm of the EDS line scan (Figure 5.4.3) gave rise to a possible existence of MmSbn intermetallic 

compound (M = Fe, Cr) in domain of protective scale, due to the corresponding stoichiometry of 

possible compounds (FeSb, Fe1.38Sb and CrSb). On the other hand, this might mean only a 

penetration of Sb into the oxide scale (a bit more than Pb and Bi). XPS of the protective scale (after 

total removal of liquid phase from the top) at the depth of ~ 10 nm from oxide-liquid interface 

(outer surface of the scale, towards liquid) confirmed the presence of Sb, Bi and Pb along with 

higher Fe, Cr and O, with no Al detected, which means either penetration of heavy liquid atoms 

into scale, or a formation of intermetallic compound (which is not possible to confirm at this point). 

 

Figure 5.4.3: Sb accumulation next to Al-oxide, in presence of Fe and Cr (a possible sign of Fe-Sb 

and/or Cr-Sb intermetallics formation on APM). 

APM 
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Figure 5.4.4: XPS spectrum of the APM sample after 216 h of exposure to Pb-Bi-Sb at 700 0C / EMF 

= 0.89 V. 

 

5.4.2. Pb-Bi-Ge alloy 

 In exposure to Pb-Bi-Ge alloy for 216 hours at 700oC, all three steel samples developed 

the adherent, continual and compact oxide scales. Unlike Pb-Bi-Sb, in this alloy ALK showed 

good corrosion behavior, very similar to the other two samples (Figure 5.4.5.a), with the oxide 

scale up to 3 μm thick. APM and APMT have also similar behavior, adherent and stable oxides 

(Figures 5.4.5.b – c), with slightly more partial chopping of the oxide scale in APMT, with some 

small pieces of oxide floating in liquid alloy (Figure 5.4.5 c). Neither MmGen nor any Ge-oxide 

has been found in protective scales in any of the Kanthal steel samples. 
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a)  b)  

c)  

Figure 5.4.5: EDS scans of the three Kanthal steel samples at the steel-liquid interface cross-section 

after 216 h (9 days) of exposure to Pb-Bi-Ge alloy at 700oC: (a) ALK - line scan, (b) APM - line 

scan, (c) APMT - map scan.  
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Chapter 6 

 

Discussion 

 

In the following section, the results obtained for the tested materials are discussed in detail. 

The discussion is based on the research goals stated above (see Section 2.3), so that each specific 

feature (phenomenon) of interest in this study has been covered/treated separately. Those are: 

oxide growth dynamics, oxide scales damage (degradation), oxide scales characterization, the 

influence of elemental composition in solid (Al and Cr wt%), oxygen concentration and 

temperature on the structure of formed oxides, possible (proposed) mechanisms of oxide layers 

development, the origins of the strain and dislocations induction in bulk near the metal-oxide 

interface (along with their quantification), and a short discussion on the effects of minor additives 

(Sb and Ge) to Pb-Bi eutectic system, at the end. 

At first, it should be noted that the setup for corrosion tests designed in this work, along 

with the oxygen-controlling gas flow system, proved to be operating well up to 350-400 h in 

continuity (without temperature change from the initial heating to the final cooling). This implies 

that during the test period the system did not experience a loss of temperature or oxygen control 

which would cause a premature test termination (due to the harsh oxidation of materials) or 

undesired temporary temperature drop/ramping (for pulling out and repairing the oxygen sensor). 

However, oxygen control was difficult to maintain for t > 400 h, either in continual operation or 

with additional thermal cycling (for mid-term pullout of samples). That is why only one test (in 

LBE at 700 0C/10-6 wt% ox.) out of 6 tests from second set of tests was performed successfully in 

total planned duration of 648 h, and all the rest of them were ended after first (216 h) or second 

mid-term pullout (432 h). The addressed reasons of oxygen control loss were micro-cracks in 



127 
 

sensor’s zirconia tip (causing the penetration of air from inside of sensor into the liquid LBE), a 

sudden loss of Ar/H2 or Ar/O2 gas (due to failure in gas bottles, gas control valves, or in gas 

transport pipe system), breaking of Ni-Cr wire on oxygen sensor, and Al-crucible damaging (that 

causes leaking of LBE and autoclave bottom damaging). Besides that, mid-term pullouts caused 

additional thermal disturbance to the grown oxide layers, so the shorter-term tests (but performed 

in continual regime) were found to be more reliable and were analyzed in more detail 

spectroscopically and microscopically, to detect the oxides structure and dynamics of their 

formation. 

6.1. Oxide growth 

The general problem of the oxide layers analysis is the quantificability of their properties. 

The only one easily quantifiable property is the total thickness of oxide scale, which has been 

defined as the distance between metal-oxide and oxide-liquid interfaces along the EDS scan line 

(which was assumed to be along a direction perpendicular to metal-oxide interface). In order to 

characterize the oxide growth rate, the longer-duration tests (> 500 h) were found to be better 

candidates for that: two 1000-hours tests from the first set (800 0C/1×10-6 wt% oxygen, and 700 

0C/1×10-6 wt% oxygen) and one from the second set that lasted for all the planned time of 648 h 

(at 700 0C /1×10-6 wt% oxygen, with two mid-term pullouts after 216 and 432 h). Due to the 

arrangement of the samples cutting and their re-immersion into LBE after cutting (as a 

continuation of the tests) in the tests from the first set, as described previously (Section 4.2.1), only 

648-hours test in LBE at 700 0C/1×10-6 wt% oxygen was used for analyzing the oxide growth on 

Fe-Cr-Al alloys exposed to LBE. The total oxide thickness on each sample slice, after each pullout 

time (216, 432, 648 h), has been calculated as the average of the values measured on each EDS-

analyzed spot, along with the standard deviation (error), and listed in Table C1 in the Appendix C. 

The thickness values (for each sample and for each pullout time) with the error bars are given and 

plotted in Figure 6.1. Wagner’s parabolic law (see Section 2.1) has been assumed for these cases 

in the form 

y2 = kx + const ,     (6.1) 

where x in Eq. 6.1 represents time scale, y is the total oxide thickness and k is the averaged 

oxidation rate constant of specific steel/alloy, which depends on elemental composition and 

temperature. In case of a multi-component system, such as Fe-Cr-Al alloys, the slowest elemental 
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oxidation reaction determines the total oxidation rate. While parabolic plot fitted fine for a high-

aluminum (5.8 wt% Al) APM sample (red curve on Fig. 6.1), a sigmoidal function of the type  

x = 1/(1+e-y) ,      (6.2) 

fitted better than parabolic one for lower-aluminum steels APMT (5.0 wt% Al) and particularly 

ALK (4.0 wt% Al). What can be noticed is that parabolic character remained preserved for at least 

one-half of the total time of the test duration, i.e. for ~ 300-400 h. After that, a stratification based 

on Al-content starts: the less aluminum, the more divergence from parabolic behavior. Based on 

the evidence of multi-layer scales detected after 648 h in ALK and APMT (and mostly a monolayer 

after 216 h in these samples), there arose an assumption of secondary growth of a scale/layer, in 

the second half of test duration. 

 

Figure 6.1: Results of the total oxide scale growth on three Fe-Cr-Al tested samples, in LBE at 700 oC 

for 648 h, with 1×10-6 wt% oxygen in LBE. 

A more transparent representation of these findings is given in Figure 6.2 a-c, where the 

oxide growth on each steel sample is represented separately. The secondary growth of the inner 

(mostly Cr-) oxide in APMT, and of the inner Cr-oxide (or Fe-Cr-oxide) in ALK, are given 

independently from the main (initial) oxide scale growth (see Figure 6.2. b-c), which in all three 

Fe-Cr-Al alloys consists mostly of Al-oxide. Knowing that Al diffuses approximately one order 
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of magnitude faster than Fe in iron bulk, at 700 - 8000C (~ 1×10-15 m2/s of Al vs. ~ 1×10-16 m2/s of 

Fe), it is reasonable to expect the dominance of Al-oxide at least in higher-Al containing steels 

(APM, and APMT). Al-oxide (being in any stable crystal form of Al2O3) can be considered as non-

permeable for Fe and Al ions to pass out through it, but permeable for a small O anion, therefore 

after long enough time, > 300 h, the oxidation of Fe atoms in the bulk/Al-oxide interface (below 

the Al-oxide) might lead to the formation of a secondary Fe-oxide (or a mixed Fe-Cr-Al- oxide) 

as a new one inner layer. 

 

a) b)  

c)  

Figure 6.2: Oxide growth in the three Fe-Cr-Al tested samples, in LBE at 700 oC for 648 h, with 1×10-

6 wt% oxygen in LBE: (a) for APM, (b) for APMT and (C) for ALK. Secondary growth of the inner 

oxide in lower-Al-containing samples (APMT and ALK) shown independently from the initial oxide 

scale growth. 
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6.2. Oxide layers characterization. Grading system 

Besides the oxide thickness and thickness increase rate, there are several phenomena 

(properties) that are hard to be characterized. One of them is the chemical and crystal structure of 

the oxides formed in the layers, which is in tight connection with the mechanism (sequence) of the 

oxide layers formation. This is discussed in more detail in the Section 6.3, where the mechanism 

of oxide layers formation (and its dependence on temperature, elemental composition and oxygen 

content) is discussed. The other important feature is the dynamics of the oxide scales degradation. 

This occurs through oxide scales breaking, detachment (delamination), spalling and partial 

“chopping off” the small pieces (island-like) either from the total scale or from the upper layers 

(keeping at least the one adherent to substrate surface preserved). Most likely the origin of the 

oxide degradation are (1) thermal expansion/constriction coefficient difference between the 

materials (bulk, and each one oxide formed), and (2) crystal lattice mismatch between steel and 

oxides formed (including here the internal oxidation, and oxygen content inequality in liquid along 

the solid material surface). Thermal expansion/constriction is effective in changing the 

temperature during the test performance (heating/cooling), including the terminal cooling to the 

room temperature at the end of each test. All these modes of oxide layers damaging (breakings, 

delamination, spalling, detaching) lead to the compromising of their diffusion-controlling (i.e. 

protective) properties. 

Some of the detachments of the oxide layers on the samples of various experiments may 

have been caused also by an external factor: handling of the samples during the extraction of 

portions of the samples at mid-test durations. This was especially the case in the first set of tests 

(3 tests), i.e. in the first arrangement of samples and cutting (described in Section 4.2.1). In order 

to obtain the mid-term corrosion results in this arrangement, each sample was removed from the 

liquid metal and placed into a high-speed saw, which cut off a portion of the sample; the remainder 

of the sample was then put back into the liquid metal for further exposure. The detachment of an 

oxide scale during this process could be identified in the SEM results as a gap or crack between 

the oxide layer and the substrate steel that was filled with epoxy (used to mount the sample for 

polishing). In contrast, some of the detachment of the oxide layers clearly occurred while the 

sample was immersed in the LBE, as evidenced by the filling of the gap or crack with LBE. If the 
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gap or crack was narrow and if little to no dissolution of the exposed steel surface occurred, it was 

surmised that the detachment of the layer happened during the cooling down of the sample prior 

to extraction. In this case, the cause of the detachment would have been the difference in the 

thermal expansions of the oxide layer and of the substrate steel.  

In addition to this explanation, there exists a possibility that the oxygen content might be 

inhomogenously distributed (dissoluted) throughout the LBE, and there might exist a thermal 

gradient. Diffusion has been supposed as the mechanism of transport of the oxygen from the free 

surface of the LBE (i.e., the interface with the cover gas) to the steels. In general, EDS analyses 

gave an evidence that the steel surfaces that are closest to the LBE’s free surface may experience 

less dissolution. If the process of oxidation of the steels consumes the LBE’s oxygen content more 

quickly than the diffusion can resupply it, then the local oxygen content in the LBE may be less 

than the average content, promoting dissolution [41, 145]. 

The third set of tests in LBE has been designed particularly to analyze the influence of the 

various temperature difference onto the oxide scales breaking due to the thermal expansion 

coefficient differences between oxides formed (or between oxides and bulk steel), besides the 

analyzing of the oxide structure and thickness depending on various temperature (related to the 

eight no-thermal-cycling tests from this set). As described previously (last two paragraphs of the 

Section 4.2.1), in the tests with an additional mid-term thermal cycling, the temperature difference 

was set to 350 0C, 400 0C, 500 0C and 600 0C (for test temperatures of 550 0C, 600 0C, 700 0C and 

800 0C respectively) as the drop-down temperature in thermal cycling was 200 0C. Since the 

chemical structure of the oxide layers and the frequency of their breaking/delamination are not 

straightforwardly quantifiable, a system of quantification by grading these properties has been 

established in this work. 

 

6.2.1. Oxide scales quality grading  

The quality grading system introduced here is based on three separate grades for evaluation 

(characterization) of the three following properties: total oxide scale thickness (grade #1, so-called 

“thickness grade”), structure of the oxide layers (grade #2, so-called “quality grade”), and 

incidence of oxide scales damaging (grade #3, so-called “breaking (detachment) grade”). Each 

SEM/EDS-analyzed spot in all three samples from all the tests (16 in total) of the third set has been 
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characterized by these 3 grades. Then, for each sample from each one test, a mean value has been 

calculated for each one of these 3 grades. The overall grade is calculated for each sample of each 

particular test as the product of the 3 grades of that spot, averaged over the total number of analyzed 

spots: 

(𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑔𝑟𝑎𝑑𝑒)𝑗,𝑘 =
∑ (𝑔𝑟𝑎𝑑𝑒 #1)𝑖×(𝑔𝑟𝑎𝑑𝑒 #2)𝑖×(𝑔𝑟𝑎𝑑𝑒 #3)𝑖
𝑁
𝑖=1

𝑁
 (6.3) 

where N is number of SEM/EDS-analyzed spots on one sample from one particular test, while j is 

sample nominator (whether it is ALK, APMT or APM) and k is test nominator (one of the tests 

from the set #3, listed in Table 4.2.3). The evaluation principle for each grade of this system is 

represented and explained in Table 6.1. Each grade value is arbitrarily defined so that the value 

span for the Grade #1 is from 0 to 3, for Grade #2 is from 1 to 3, and for Grade #3 is from 0 to 2. 

Zero values for grades #1 (lack of oxide scale, thickness = 0) and #3 (broken or/and detached scale) 

were introduced in order to be a discriminative factor, because both lack of oxide scale and its 

breaking/detachment cause the loss of protectiveness. On the other hand, chemical structure 

(composition) of the oxide phase may reduce its protective character, but does not have such a 

detrimental effect as the worst cases of the other two properties (thickness and breaking/detaching) 

have. Multiplication of the grades for obtaining the overall grade of each analyzed spot has been 

chosen in order to cause the overall value of the spot be zero (= 0) if at least one parameter (scale 

property) is graded zero. The averaged values of the four defined grades for each sample from all 

the tests are given in Table 6.2 (without additional thermal cycling) and in Table 6.3 (with 

additional thermal cycling). 

In order to give a better insight into the tendencies of the behavior of each of the three 

grades in both regimes (non-cycling, cycling) and both durations (4 days, 9 days), a graphical 

representation of the grades vs. temperature is given in Figures 6.3.1 and 6.3.2. In this set of tests, 

there was almost no poorly-protective oxide scales (“oxidation + dissolution” case) and very rare 

lack of the scales, mostly in case of breaking and spalling. At constant temperature tests in shorter 

duration (4 days), slightly thicker scales have been found than at higher temperatures, supposedly 

due to the phenomenon of initial restructuring and fragmentation in proximal bulk (in contact with 

LBE and oxygen) during the initial stage of oxide growth, which is found to be more “robust” at 

the lowest tested temperature (550 0C). It might be said here that oxidation/corrosion phenomena 

at 550 0C belong still to those of the lower temperature range (400 0C – 600 0C) governed by 
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different mechanisms (see [8], [66] and [81]-[83]). So, grown oxide scales are found to be thicker 

at 550 0C than in 600 0C – 700 0C range where they reach maximum (at least in constant 

temperature regime) and again at 800 0C they are slightly thicker than at 600 0C – 700 0C (Figure 

6.3.1 c-d). This is especially the case in ALK, probably due to the additional inner Al-oxide layer 

development, as described later. This is found also in APMT and APM (higher-Al samples), more 

after 9 days than after 4 days, but anyway less extensive than in ALK. The most “uniform” 

behavior of the three analyzed materials, in the sense of most uniform (similar) thickness grade for 

all three of them, has been found at 7000C temperature. This is the case both in non-cycling and in 

cycling tests, though more noticeable in absence of additional thermal disturbance. In short 

duration (4 days), ALK goes worst at 800 0C, worse in non-cycling than in cycling (Figure 6.3.1. 

c-d). 

 

Table 6.1: Grading system: meaning of the values for each one of the grades 

 

value 

Description of the values meaning 

Grade #1 

(thickness grade) 

Grade #2 

(quality grade - oxide type) 

Grade #3 * 

(breaking/detachment grade) 

3 oxide scale ≤ 10 μm mostly Al-oxide or Al-oxide 

only 

N/A 

2 oxide scale > 10 μm Fe-Cr-Al-O, or Fe-oxide 

dominant (> 50%) 

oxide attached, almost no or no 

breaks 

 

1 
no protective scale, 

oxidation + dissolution  

    (mostly in tests with 

10-7 wt% oxygen) 

 

 

no detectable oxide scale 

in pieces, or partially broken 

(at least one layer still  

    compact & attached to bulk, 

upper layers crushed, pieces 

floating in liquid) 

0 no scale at all 

(dissolution only) 

N/A totally broken/detached, or no 

oxide scale (dissolution only) 

* Values between 1 and 2 can be decimal (continual set of values in that domain), based on the assessment of 

the degree of scale degradation (delamination, spalling, breakings) in particular case. 
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Table 6.2: Averaged values of the four defined grades for each sample from each test in constant-

temperature regime (no additional thermal cycle) in both durations (4 days and 9 days). 

T 

(0C) 

 

Sample 

4 days (96 h) 9 days (216 h) 

<G1> <G2> <G3> <G1×G2×G3> <G1> <G2> <G3> <G1×G2×G3> 

 

550 

ALK 2.7 2.6 1.8 12.9 2.7 2.7 1.7 12.0 

APMT 1.8 2.2 1.4 5.8 3.0 2.5 1.1 8.25 

APM 2.9 2.5 1.7 11.9 2.6 2.4 1.1 9.0 

 

600 

ALK 2.5 2.6 1.3 8.8 3.0 3.0 1.6 14.1 

APMT 2.8 3.0 1.3 9.8 3.0 2.8 1.5 12.8 

APM 3.0 2.6 1.8 14.5 2.8 3.0 1.5 12.7 

 

700 

ALK 2.8 2.9 1.4 11.5 3.0 2.6 1.8 14.8 

APMT 3.0 3.0 1.4 12.9 2.9 2.5 1.5 11.2 

APM 2.9 3.0 0.7 6.5 2.8 2.6 1.8 12.8 

 

800 

ALK 1.0 1.7 0.7 6.0 2.5 1.8 1.3 7.4 

APMT 3.0 3.0 1.0 9.0 2.5 2.2 1.3 8.2 

APM 2.8 2.5 1.3 9.3 2.7 2.6 0.9 8.3 

 

Better thickness grade (i.e. smaller oxide thickness) of ALK at 800 0C (4 days) in cycling test than 

in non-cycling one can be understood by a high breaking/delamination frequency at this 

temperature (low breaking grade of ALK in both regimes for 4 days, see Fig. 6.3.2 c-d). Broken 

pieces of oxide layer frequently detach from the steel and are separated from the steel by LBE far 

from their initial place, and could not be detected in thickness measurement by SEM/EDS, so that 

only a newly-grown oxide (after mid-term temperature ramp) is detected and measured, being 

thinner than expected for corresponding time period. Generally, in thermal-cycling tests the 

thickness grades have tendency of improvement (more taking value 3 instead of value 2, i.e. the 

thickness decrease) with the temperature increase, mainly due to the increasing incidence of oxide 

damaging (see Figure 6.3.1.d). 
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Table 6.3: Averaged values of the four defined grades for each sample from each test with an 

additional mid-term thermal cycle (1 hour at 200 0C) in both durations (4 days and 9 days). 

T 

(0C) 

 

Sample 

4 days (96 h) 9 days (216 h) 

<G1> <G2> <G3> <G1×G2×G3> <G1> <G2> <G3> <G1×G2×G3> 

 

550 

ALK 2.0 2.0 1.0 6.8 2.5 2.7 1.7 11.2 

APMT 1.5 2.0 1.0 9.0 2.8 2.5 1.0 7.8 

APM 3.0 3.0 2.0 18.0 2.6 2.6 1.3 8.7 

 

600 

ALK 3.0 2.8 2.0 16.8 2.0 2.0 0.7 5.0 

APMT 1.5 2.0 0.5 3.0 3.0 2.5 1.0 7.5 

APM 2.0 2.7 1.3 12.0 3.0 2.7 1.3 11.0 

 

700 

ALK 3.0 3.0 0.5 4.5 3.0 2.7 0.3 3.0 

APMT 3.0 2.8 1.2 10.0 2.0 2.7 1.3 12.0 

APM 3.0 3.0 1.7 15.0 3.0 3.0 2.0 18.0 

 

800 

ALK 2.4 2.4 0.0 0.0 3.0 2.8 0.8 7.0 

APMT 2.7 2.9 0.7 5.3 2.6 3.0 0.6 4.8 

APM 3.0 3.0 0.0 0.0 3.0 3.0 0.0 0.0 

  

Regarding the quality grade, in constant-temperature (no-cycling) regime, oxide layers 

developed on ALK in both 4-days and 9-days tests at lowest temperature (550 0C) contain higher 

percentage of Al-oxide that it is the case with APMT and APM, but end up worst at 800 0C (see 

Figure 6.3.2. a-b). This is due to the increasing secondary Fe oxidation (below the initially formed 

scale), i.e. increasing oxygen diffusion (penetration) through the oxide scale with the increase of 

temperature. The differences in this grade between samples from no-cycling tests reduce as the 

temperature increases and as time passes (bigger differences after 4 days): after 4 days, maximum 

quality grade for all three samples is at 700 0C, while after 9 days the maximum quality grade 

values are at 600 0C. This is explained again by increasing Fe oxidation and O diffusion in time, 
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with increasing temperature. In presence of cycling, in higher-Al samples (APM, APMT) at 

longer-term exposure (9 days), there is an improvement of oxide scale quality (grade increase, i.e. 

increase in Al-oxide percentage) with temperature increase, as represented by dashed red and blue 

lines in Figure 6.3.2.b. Also, there is an increase in Al-oxide content in ALK oxide layers as the 

temperature increases up to 700 0C, while at 800 oC there is a drop. These features in cycling tests 

might be explained at least partly by the temperature ramping (in the midst of the test) that induces 

stress in scales due to the thermal expansion mismatches in various oxides and in bulk. Oxides 

suffer damages that cause spalling and delamination, then the oxide re-growth starts and lasts for 

the remained time of 4-5 days. That is why on such spots the oxides look more similar to those 

formed in 4-days const.-temperature tests (compare solid lines from Fig. 6.3.2.a with dashed lines 

from Fig. 6.3.2.b). 

 The “oxide-scale-breaking” grade values of broken oxide layers (from here on: “breaking 

grade”) of all three samples in non-cycling regime in shorter time (4 days) reflect the initial oxide 

growth instability and restructuring of substrate material (initial dissolution before an initial 

compact oxide monolayer formation) rather than the effect of thermally caused breaking/spalling 

of oxides, therefore there is a lack of explainable regularity as function of temperature (solid lines 

in Figure 6.3.2.c). In case of 9-days tests with no cycling, there is a tendency of breaking grade 

values increase for all three samples, from 550 0C up to 700 0C (where the grade values reach their 

maximum), then there is a drop of grade values at 800 0C probably due to an abrupt increase in 

scale breakings and spalling (delamination) from 700 0C to 800 0C. APM has the lowest scale 

breaking rate (incidence) at 550 0C among the three samples, while the highest one at 800 0C (Fig. 

6.3.2.c). This means, the lower temperature, the more “beneficial” effect of higher Al-content on 

stabilization of the oxides. Stabilization refers to the adhesiveness, and to improvement of 

mechanical properties, in a way that Al2O3 has lower thermal expansion coefficient values than 

most important Fe-oxides (especially magnetite as most dominant found) at same temperature and 

higher increase of thermal expansion coefficient values with temperature increase (more about this 

in Section 6.5). However, as the temperature increases, the stabilizing effect of titanium (in form 

of TiO2) in ALK prevents the oxide scales breaking so that oxides on APM and APMT become 

more vulnerable and breakable. 

 In the case of thermal cycling tests, the breaking grade behavior in all three steel samples 

is more inconsitent than for non-cycling. It has an “S”-form (decreasing-increasing-decreasing) 
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with temperature increase in APM and APMT for both durations (4-days and 9-days). Instead of 

monotonic decrease of the breaking grade from 550 0C to 800 0C, an unexpected increase from 

600 0C to 700 0C indicates an additional effect that reduces layer breaking in that temperature area. 

 

a)   b)  

 

Figure 6.3.1: Diagrams of the grades as function of temperature, in non-cycling (left) and cycling 

regime (right): (a-b) overall grade, (c-d) thickness grade. (In all diagrams, solid lines represent 4 days 

(96 h) tests, while dashed lines represent 9 days (216 h) tests. ALK is colored in black, APMT in red 

and APM in blue.) 
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Figure 6.3.2: Diagrams of the grades as function of temperature, in non-cycling (left) and cycling 

regime (right): (a-b) quality grade, (c-d) breaking grade. (In all diagrams, solid lines represent 4 days 

(96 h) tests, while dashed lines represent 9 days (216 h) tests. ALK is colored in black, APMT in red 

and APM in blue.) 

As we can see, there is a maximum of quality grades (maximum Al-oxide content in oxide) and of 

thickness grades (minimum thickness) at ~ 700 0C. Up to 700 0C (or somewhere between 700 and 

800 0C) Al2O3 is resistive against thermal-expansion-induced breaking, and Al2O3 being less 

porous than Fe-oxides and Fe-Cr- (or Fe-Al-) spinels prevents penetration of voluminous Pb and 

Bi atoms/ions through the oxide and into steel-oxide interface (which causes strain and swelling, 

and subsequent breaking). So, the more Al-oxide in the scale, the less chances of breaking from 

any other factor but thermal expansion. Al-oxide tolerates differential thermal expansion to at least 

700 0C. At 800 0C, Al-oxide experiences a stress of up to 1.8 GPa that comes from compressive 
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strain (thermal constriction more in the substrate than in Al-oxide, see the calculation in Section 

6.4), which might be enough to cause spalling or fractures, depending on cooling rates [88, 91]. 

However, ALK remains interesting here by having a different temperature dependence: in shorter 

test duration (4 days), breaking incidence decreases in 550 - 600 0C range, then constantly 

increases all up to 800 0C, while in longer period (9 days) breaking incidence increases from 5500 

all up to 700 0C, then reduces in 700-800 0C temperature interval. The reason for this behavior of 

ALK at 800 0C might be again in Fe-oxides and TiO2 formation at that temperature. TiO2 as a 

stabilizer forms fastest at the maximum temperature (800 0C) after long enough time – so less 

breaking is found after 9 than after 4 days. 

 Total (overall) grade function of the oxides of three samples (Figures 6.3.1. a-b) follows 

pretty much the breaking grade. ALK oxides remain better than those on high-Al steels in longer 

period (9 d.) at 700 0C without thermal cycling, while APM oxide was the best in that same period 

and temperature but with thermal cycling. However, at 800 0C, APM performs the best during 9 

days without additional cycle, while ALK is the best during 9 days with additional cycle.  

 

6.3. Mechanism of oxide layers formation 

 

Mechanism of formation of oxide phases has been discussed based on the results of detailed 

spectroscopic and microscopic analysis (SEM/EDS, TEM, Raman, XPS and XRD) of the three 

samples exposed to LBE for the same time period (216 h) with varying three parameters: Al-

content, temperature and oxygen concentration in LBE (Table 6.4). 

 The influence of oxygen concentration has been characterized by comparing first and 

second sample analyzed, while temperature and Al content influence were analyzed by comparison 

of second and third one (see Table 6.4. below). 

 
Table 6.4: Samples used for screening the influence of Al content, temperature and oxygen content on 

structure of oxide phases formed. 

Sample # Al wt% T (0C) O wt% 

1 (ALK) 4.0 800 5×10-6 

2 (ALK) 4.0 800 1×10-6 

3 (APM) 5.8 700 1×10-6 
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6.3.1. Lower Al percentage, higher temperature, higher oxygen concentration  

    (4.0 wt% Al / 800 0C /5×10-6 wt% oxygen) 

TEM findings of the two oxide layers in ALK alloy exposed to 800 0C LBE in 5×10-6 wt% 

oxygen for 360 h, with the inner consisting dominantly of alumina and the outer consisting of 

several sub-layers containing Fe, Cr, Al and O, are consistent with EDS, XPS and Raman results 

on same samples. Three sub-layers of the outer oxide layer have been distinguished based on the 

size and concentration of these island-like bright zones (surrounded by a darker matrix), their 

specific distribution, and their elemental content. The higher porosity of sub-layers 2 and 3 might 

explain the more severe penetration of Pb and Bi into this layer than into the inner layer. 

6.3.1.1. Al vs. Fe diffusion 

In order to check whether the formation of Fe-oxides or Al2O3 is thermodynamically more 

favorable at 800 0C /5×10-6 wt% oxygen in LBE, calculations of the Gibbs free energy of oxide 

formation has been done for two oxides: Fe3O4 and Al2O3. The supposed oxidation reactions are:  

3

2
𝐹𝑒 + 𝑂2 ⇄

1

2
𝐹𝑒3𝑂4             and              

4

3
𝐴𝑙 + 𝑂2 ⇄

2

3
𝐴𝑙2𝑂3 

The Gibbs free energies of formation are: 

   ∆𝐺1
2
𝐹𝑒3𝑂4

(𝑇) = ∆𝐺1
2
𝐹𝑒3𝑂4

𝑜 (𝑇) + 𝑅𝑇𝑙𝑛 (
𝑎𝐹𝑒3𝑂4
1/2

𝑎𝐹𝑒
3/2 ) − 𝑅𝑇𝑙𝑛𝑎𝑂2   for magnetite formation,     (6.5) 

  ∆𝐺2
3
𝐴𝑙2𝑂3

(𝑇) = ∆𝐺2
3
𝐴𝑙2𝑂3

𝑜 (𝑇) + 𝑅𝑇𝑙𝑛 (
𝑎𝐴𝑙2𝑂3
2/3

𝑎𝐴𝑙
4/3 ) − 𝑅𝑇𝑙𝑛𝑎𝑂2    for alumina formation.      (6.6) 

By knowing that:   ∆𝐺1
2
𝐹𝑒3𝑂4

𝑜 (800𝑜𝐶) = − 394
𝑘𝐽

𝑚𝑜𝑙
,     ∆𝐺2

3
𝐴𝑙2𝑂3

𝑜 (800𝑜𝐶) = − 891
𝑘𝐽

𝑚𝑜𝑙
,   𝑎𝐹𝑒 ≈

𝑋𝐹𝑒 = 0.778 (atomic fraction of Fe in ALK steel) and 𝑎𝐴𝑙 ≈ 𝑋𝐴𝑙 = 0.079 (atomic fraction of Al 

in ALK steel), while 𝑎𝐹𝑒3𝑂4 ≈ 1 ≈ 𝑎𝐴𝑙2𝑂3, and by subtracting (6.5) – (6.6), it is found that: 

∆𝐺1
2
𝐹𝑒3𝑂4

(800𝑜𝐶) − ∆𝐺2
3
𝐴𝑙2𝑂3

(800𝑜𝐶) =

= [∆𝐺1
2
𝐹𝑒3𝑂4

𝑜 (800𝑜𝐶) + 𝑅𝑇𝑙𝑛(
𝑎𝐹𝑒3𝑂4
1/2

𝑎𝐹𝑒
3/2

)] − [∆𝐺2
3
𝐴𝑙2𝑂3

𝑜 (800𝑜𝐶) + 𝑅𝑇𝑙𝑛 (
𝑎𝐴𝑙2𝑂3
2/3

𝑎𝐴𝑙
4/3

)] ≈

≈ [−394.3 + 3.3]
𝑘𝐽

𝑚𝑜𝑙
− [−891.0 + 30.2]

𝑘𝐽

𝑚𝑜𝑙
= 

(6.4) 
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= (−391.0
𝑘𝐽

𝑚𝑜𝑙
) − (−860.8

𝑘𝐽

𝑚𝑜𝑙
) 

Alumina formation is more negative (- 860.8 kJ/mol), which means thermodynamically more 

favored than magnetite formation (- 391.0 kJ/mol), although there is ~ 10 times more Fe atoms 

than Al atoms in ALK alloy. Oxygen is supposed to be in the molecular form instead of atomic, 

only to be adjusted to the Ellingham diagram as reference (where oxygen is represented in O2 form 

in all oxidation reactions), but anyway the activity of oxygen cancels out in the equations (6.5) and 

(6.6). According to the oxide map for ternary Fe-Cr-Al system at 800 0C, based on experimental 

results obtained by Tomaszewich and Wallwork [3], we find that ALK at 800 0C lies in the area 

of Al2O3 formation but near the “triple” point where also Fe-oxides and Cr-oxide formation are 

possible (Figure 6.4.b). This means that metallic proportional composition of ALK enables the 

creation of multiple kinds of oxides.  

6.3.1.2. Role of Ti 

 The finding of Ti and TiO2 in the inner oxide layer, near the alloy-oxide interface and 

surrounded by alumina (Al2O3), is in accordance with the theory, first reported by Young [147], 

that Ti may foster the formation of the α-Al2O3 layer on ferritic steels at higher temperatures. It 

has been shown that Ti4+ can accelerate the formation of α-Al2O3 [148] and that concentrations as 

low as 0.1 at% Ti in the alloy are enough to cause this effect [149]. 

6.3.1.3. Influence of Cr 

 Previous work also suggests that a reduced Cr content and an enhanced Al content provide 

the basis for the formation of a stable and protective Al-oxide layer [67, 69, 146, 150, 151]. With 

10 to 15 wt% Cr in Fe-Cr-Al, aluminum content as low as 3 wt% is sufficient to enable the alumina 

formation. It is hypothesized [67, 104] that the presence of an (Al, Cr)-oxide scale formation 

reduces the activity and diffusion of the elements at the alloy/oxide interface and causes Al to form 

a dense, slow-growing and protective Al2O3 phase at the interface. This mechanism was initially 

observed for oxidation in oxygen environment [146] but can be expected for the static LBE 

environment as well, at the proper conditions such as the oxygen concentration is above the 

corresponding Gibbs free energy of formation of oxides of the steel components for a given 

temperature (Figure 6.4.a). A high Cr content, above 20 wt%, reduces the diffusional mobility of 

(6.7) 
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oxygen through the surface oxide layers, as discussed by Del Giacco (at 750 0C in LBE) [67] and 

Herbelin (at 900-1100 0C in air) [152], subsequently reducing oxidation of Al in the bulk zone next 

to the bulk-oxide interface. The finger-like morphological structure of the inner Al2O3 oxide that 

penetrates ~ 5 μm into the bulk (see Figures 4.6.b, 5.2.1, 5.2.3.a and 5.2.4.a) indicates the presence 

of the internal oxidation of aluminum, possibly along the grain boundaries (as faster diffusion 

paths for oxygen diffusion than the bulk [152]) at the same time as the formation of whole alumina 

of the inner layer (atop the bulk) occurs. 

6.3.1.4. Hematite formation (magnetite additional oxidation) 

 What makes sub-layer 3 different from sub-layer 2, both of which are in the outer layer, is 

that sub-layer 3 contains hematite, Fe2O3, which is the product of further oxidation of magnetite, 

Fe3O4. The detection of hematite structure in sub-layer 3 is in good correlation with the fact that 

the oxygen concentration decreases from the liquid phase, through the oxide layers, and to the steel 

bulk (that is, from sub-layer 3 through inner layer). Since LBE is the source of the oxygen, the 

oxide layers closer to the LBE (such as Sub-layer 3) are more oxidized than the layers closer to 

the bulk steel. 

6.3.1.5. Expectations depending on temperature and oxygen concentration 

 Del Giacco et al., using a slightly different experimental setup [50], reported the formation 

only of a thin (< 2 μm) Al2O3 layer on ALK after 1000 h of exposure in LBE at all the combinations 

of temperature (500, 600 and 750 0C) and oxygen concentration (10-6 and 10-8 wt%), except the 

test at 5000C and 10-6 wt%. In that one test, a 10 μm duplex oxide was found instead, with Fe-

oxides in the outer layer and Fe-Cr-Al-oxides in the inner layer. This result means that within the 

temperature range from 500 to 7000C, the formation of Fe-oxide is not expected unless the oxygen 

concentration in LBE is significantly more than the minimum oxygen concentration necessary for 

Fe3O4 formation.  

 The assumption that, for oxygen concentrations > 10-6 wt% and at temperatures > 7500C 

(higher than reported in previous studies [33]), kinetics might produce different oxides has been 

confirmed: the oxidation of both Fe and Al occurred at 800 0C/ 5×10-6 wt%O. There has been 

enough oxygen to form Fe-based oxides or spinels, in addition to the inner alumina layer. This 

result also agrees with the ALK position in the ternary Fe–Cr–Al map from [146] being close to 

the “triple oxide point”, as represented in Figure 6.4.b. 
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Figure 6.4: (a) Gibbs free energy, ΔG, and electrochemical potential, EMF, of formation of the oxides 

relevant in this study, and oxygen iso-concentration lines, with the red dot representing the test in LBE 

at 800 0C/ 5×10-6 wt%O; (b) Oxide map for the oxidation of iron-rich ternary Fe–Cr–Al alloys at 800 

0C (red lines, according to Tomaszewich and Wallwork [146] and Weisenburger et al. [69]) and the 

position of ALK (red ellipsoid). 
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6.2.1.6. A proposed model for lower-Al content samples exposed at high temperature and high 

oxygen conten to LBE 

 The important question to be answered is whether the inner or outer oxide layer forms first 

(or: which one is forming faster), after the initial exposure of steel sample to the liquid LBE. Based 

on the TEM findings in the analysis of ALK, there are two arguments that support the earlier 

formation of outer than inner oxide layer on this alloy: one based on the solubility and kinetics of 

iron vs. those of aluminum, the other based on location of titanium in the layers. The first argument 

begins by noting that Al has a higher diffusion rate in bulk steel grains at 800 0C than Fe does, and 

O has a much higher diffusion rate than them both: 1.4×10-15 m2s-1 for Al, and 2.3×10-16 m2s-1 for 

Fe, compared to the 3.2×10-8 m2s-1 for O [153]. Also, the calculation above shows that the ΔG of 

Al2Ο3 formation is significantly more negative than that of any Fe-oxide formation. For these 

reasons, it would ordinarily be expected that Al should diffuse and oxidize faster. Note that this 

expectation already accounts for the fact that there is much more iron than aluminum in ALK, via 

the values of 𝑎𝐴𝑙 and 𝑎𝐹𝑒 that were used in the calculation of ΔG, which assumed a zero-

dimensional, “point” chemical reaction. However, the iron is much more available, in a geometric 

sense, for oxidation than the aluminum is, according to the following logic:  

(1) ALK contains a much more iron than of aluminum (≥ 10 Fe atoms per 1 Al atom).  

(2) Iron is much more soluble in LBE at 800 0C (8×10-3 wt%) than Al is (~10-5) [38].  

(3) The LBE is the source of the oxygen that oxidizes the iron and aluminum.  

Therefore,  

(4) Fe oxidizes initally as it preferentially dissolves into the LBE next to the steel surface 

where it encounters the oxygen and precipittes out (Figure 6.5.a-b).  

This initially formed Fe-oxide layer (Figure 6.5.c) then reduces the speed of Fe dissolution and of 

oxygen diffusion, so that the higher diffusion rate of Al than of Fe (~ 6 times) in the bulk steel, 

along with the thermodynamics that favors Al-oxidation over Fe-oxidation (as formed atop the 

steel), enables the formation of an inner Al-oxide just below the initial (outer) layer (Figure 6.5.d). 

This picture is in good agreement with findings of mostly iron in the outer oxide and almost no 

iron in the inner oxide, and it is an analogy to the hypothesis exposed by Martinelli et al. [81-83] 

regarding Cr in the Fe-Cr steels and the formation of a duplex oxide scale there. After the initially-
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growing dominantly Fe-oxide layer (as outer) and secondarily-growing dominantly Al-oxide layer 

(as inner one) are formed, oxygen is still diffusing through the layers and furtherly oxidizes steel 

components in bulk below layers. Al diffuses faster than Fe in iron bulk [153] and is oxidized first, 

leading to further Al-oxide formation, now as an internal oxidation (Figure 6.5.e). This test has 

been done after 360 h, so there was not enough time to see whether there would happen a formation 

of additional dominantly-Fe-oxide also, below the Al-oxide formed (as a new one inner oxide). At 

least, at lower temperature (7000C) and lower oxygen concentration (1×10-6 wt%) after enough 

time (648 h), a new one inner Fe-oxide has been formed (Figure 6.2.c). 

 The combination of the presence of Ti-oxide in sub-layers 3 and 2 of the outer oxide layer 

(Figure 2d) and yet the absence of titanium in sub-layer 1 and in the exterior portion of the inner 

layer (see Figures 5.2.2 b, 5.2.4 d, 5.2.5 b-d, and 5.2.6 d-e) indicates the early generation of these 

two substructures (sub-layers 3 and 2), when the outer layer was much closer to (or even in contact 

with) the bulk. The reason is that if the inner layer and outer sub-layer 1 would have grown first, 

then the titanium would have had to diffuse through these layers to reach and accumulate in the 

outer sub-layers (2 and 3), but then we would have been able to observe this diffusing titanium 

throughout the inner layer and outer sub-layer 1, which we did not. If the outer sub-layers (2 and 

3) grew first instead, they could have incorporated the titanium that was already present in the 

surface of the steel. Then, as the inner layer and sub-layer 1 grew through diffusion of Fe and Al, 

they would have formed a barrier to the outward diffusion of more Ti from the bulk steel (in Al2O3, 

the diffusion rates of Fe and Ti are several orders of magnitude lower than that of Al (~10-30 and 

~10-28 m2s-1 versus ~10-23 m2s-1, respectively) [154-156], while all three of them are several orders 

of magnitude lower than the diffusion rates of the same elements in the iron bulk), which then 

would have accumulated at the interface between the inner layer and the bulk—and this result is 

exactly what we have found through our microanalysis. 
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a) b)  

c)  d)  

e)      

Figure 6.5: A representation of the mechanism of oxide layers formation on ALK sample (4 wt% Al, 

800 0C, 5×10-6 wt% O). (a-b) Fe preferentially dissolves into the boundary layer of LBE next to the 

steel surface and encounters the oxygen first; (c) Fe-oxide layer forms first, then reduces the speed of 

Fe dissolution and of oxygen diffusion; (d) higher diffusion rate of Al than of Fe in bulk steel, along 

with the thermodynamics that favors Al-oxidation more than Fe-oxidation, enables the formation of an 

inner Al-oxide below the initially formed dominantly-Fe layer; (e) Further O diffusion through layers 

leads to further oxidation, dominantly of Al due to its faster diffusion and lower energy of Al-oxide 

formation than of Fe-oxide. This Al-oxidation appears now as internal oxidation which occurs more in 

grain boundaries, as Al diffuses faster by that pathway than through bulk (grains), so there are finger-

like Al-oxide formations. 
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6.3.2. Lower Al percentage, higher temperature, lower oxygen concentration  

    (4.0 wt% Al / 800 0C /1×10-6 wt% oxygen) 

The reduction of oxygen concentration while keeping Al content and temperature same 

leads to a “homogenization” of the oxide phase structure in the oxide layers (i.e., to a simpler oxide 

layer structure). Homogenization here means a decrease in the number of oxide species in the 

layers, particularly in the outer one. It was found that the outer one consists of mostly FeAl2O4 

(dominant) and Al2O3, while inner is almost only Al2O3. This might be explained by following 

hypothesis. Oxygen is the fastest diffusing species among the six relevant (O, Fe, Cr, Al, Pb and 

Bi) both through Fe bulk [15, 24] and through the relevant oxides (Al2O3, Cr2O3, Fe3O4, Fe-spinels) 

[154-156]. In case of a higher oxygen concentration, such as 5×10-6 wt%O from the previously 

analyzed case, kinetics is the governing factor, and oxidation occurs first at the more abundant 

elements (Fe, Cr). Iron is oxidized to Fe3O4, then even further to Fe2O3 next to the LBE, and there 

is Cr2O3 both in the inner and in the outer layer (also a detectable amount of TiO2 is in both layers, 

and Mn-oxide in outer). Due to the faster diffusion of Al than of Fe and Cr through the steel matrix, 

a lot of Al is secondarily oxidized, forming the inner Al-oxide layer (mixed with some Cr- and Ti- 

oxides). However, in five times lower oxygen concentration (~ 1×10-6 wt%), thermodynamics 

dominates: oxides containing Al are dominantly formed (Al2O3 and FeAl2O4), whereby Al2O3 is 

present almost exclusively in inner layer, and still is prevalent even in the outer (while FeAl2O4 is 

found occasionally). Al2O3 is obviously more stable than the most of the relevant binary oxides 

(see Ellingham’s diagram in Figure 1.11), while hercynite (FeAl2O4) has the standard Gibbs free 

energy of formation (ΔG0) significantly more negative than magnetite and FeCr2O4 (≤ -1840 

kJ/mol, vs. -1340 and -1050 kJ/mol, respectively) [159, 160]. These facts support the hypothesis 

and experimental findings of Al-oxide and Fe/Al-spinel domination over the other oxide species 

under these conditions (circumstances). 

 

6.3.3. Higher Al percentage, lower temperature, lower oxygen concentration  

    (5.8 wt% Al /700 0C /1×10-6wt%O) 

The previous discussion features the corrosion products as a function of temperature and 

Al concertation in the alloy. Adding oxygen concenatration as an additional parameter greatly 
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increases the test matrix and makes it difficult to draw clear conclusions due to the number of 

paramters. However, below we diescribe the findings. 

Comparing to the case of ALK analyzed in previous paragraph (Chapter 6.3.2), oxygen 

content in LBE is kept constant, as well as exposure time (216 h), while Al content is higher (5.8 

wt%, vs. 4.0) and temperature is lower (700 0C). Since the two scanned parameters have been 

changed from previous (Al-content and temperature) and besides that Cr content is also higher in 

APM than in ALK (20.5 – 23.5 wt% vs. 12 – 14 wt%), it is hard to draw the conclusions about the 

influence of change of these parameters onto the oxides structure. Two oxide layers are 

distinguishable: the inner one mostly Al-oxide with some iron or iron-oxide, and the outer with 

more Fe-oxides present. This is similar to what was found on ALK at 800 0C LBE /5×10-6 wt% O 

(first one presented, Ch. 6.3.1), with slightly less Ti-oxide and Cr-oxide in both layers. 

It is expected that for longer tests (≥ 400 h) at 700 0C temperature (possibly at 800 0C as 

well) in the oxygen concentration of ≥ 1×10-6 wt% in LBE, there is a formation/growth of an 

additional dominantly-Fe-oxide layer, as a novel inner-one, below the formed dominantly Al-oxide 

as the inner one (or as the only one) at least in ALK and APMT steel samples (lower-Al-containing, 

4.0 and 5.0 wt% respectively), as found after 648 h test in LBE at 700 0C/1×10-6 wt% O and 

discussed in Chapter 6.1 (see Figure 6.2 b – c). However, the duration of the tests - from which 

the three samples discussed here are - was shorter than the time expected for the development of 

this layer (< 400 h of all three, see the premises discussed in Section 6.1 and in Sub-section 6.3.1.6), 

so unfortunately it was not possible to prove its later formation. Therefore, this hypothesis remains 

unconfirmed.  

6.4. The origins of strain and dislocations in near-interface bulk  

In order to determine the reason behind the observed peak broadening, the diffraction 

patterns along one transect on the map (Figure 5.3.4 a) has been analyzed. In this region, peak 

broadening of the (013) peak derives from striking and splitting of the peak (Figure 5.3.4 b - d). 

Along this transect, only one dislocation direction is seen in the deep bulk. The increase in strain 

coincides with onset of a second dislocation direction, followed by the beginning of peak 

broadening (Figure 5.3.4 c). A third dislocation direction appears in the zone of large strain and 

maximum peak broadening, with side peaks arising, which indicates sub-grain formation (Figure 
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5.3.4 d). A plateau, shown in Figure 5.3.3.b, is achieved once additional slip systems are activated, 

and after this system comes to saturation, the further dislocation density increase leads to further 

broadening (i.e. peak width increase). Distortion and striking of the peak occurs near the oxide 

layer interface in the metal, indicating the formation of sub-grains in that region. For instance, at 

least 3 patterns with distinct orientations can be indexed in one measurement spot, located in the 

near-surface bulk zone (depicted in Figure 6.6. a – c). A drop-off in peak intensity (Figure 5.3.2 

b) arises there where the sub-grain formation starts/occurs, and coincides with the onset of a peak 

width plateau (Figure 5.3.3 a – b). This may be achieved when the dislocation density limit 

(maximum) is reached in one slip system and an additional slip system is activated, as indicated 

by additional striking observed in Figure 5.3.4 c – d. Peak broadening is caused by plastic 

deformation that subsequently induces sub-grain formation near the surface. The appearance of 

sub-grains with orientations that do not match the bulk steel may be interpreted as parts of the bulk 

spalling due to interpenetration of the oxide and bulk steel layers. This means that near-interface 

bulk area is not entirely a single crystal.  

The experimental data suggest significant plastic strain in the ALK sample to the depth of 

10-15 µm from the interface with the oxide layer imply a substantial source of deformation other 

than the expected effects occurring due to oxidation at the ALK/LBE initial interface. We 

considered two possible hypotheses that may explain these findings. One hypothesis is based on 

the internal oxidation within the metal, in the region near the oxide/metal interface. Internal 

oxidation is observed in bcc-Fe alloys containing Al and Cr [24], and so Al and Cr would be the 

candidates for oxidation, with Al → Al2O3 being the thermodynamically most favorable phase. 

The amount of strain that could be produced by oxidation of the available Al, and by estimating 

the depth to which such oxidation could occur based on diffusion from the interface was calcauted 

here. The partial molar volumes of Al and Cr in ALK were computed using the Thermo-Calc 

TCFE7 database [157]. We assumed a Fe-Cr-Al composition of 83 : 13 : 4 wt%, heated to 800 °C, 

over 360 h. The grain size was assumed to be large enough that only bulk diffusion of oxygen was 

relevant, i.e., neglecting grain boundary diffusion. Oxygen at the initial ALK/LBE interface was 

assumed to be in local equilibrium with LBE, which contained 5×10-6 wt% O based on our oxygen 

sensor reading. Bulk diffusion of oxygen was based on data for pure Fe, and at 800°C it was taken 

to be 3.2×10-8 m/s [153]. The rate of oxidation was assumed to be fast enough that diffusion of 

oxygen was the limiting factor, since the diffusion rates of Al in Fe and of Fe are much slower 
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than those of oxygen in Fe. Volumes of Al2O3 and Cr2O3 and thermal expansion coefficients were 

taken from literature data [158, 173, 174]. Another one issue with these assumptions is that if a 

passivating alumina layer formed, the oxygen at the interface would no longer be expected to be 

in equilibrium with the LBE. If all of the locally available Al were oxidized, we found that the 

volume increase of the ALK would be 4.5%. The equivalent linear strain would be 1.5%, already 

quite large. Cr is more abundant in ALK, and has a somewhat larger volume increase on oxidation. 

If all the locally available Cr were oxidized the volume increase of the sample would be 20%. 

Clearly, internal oxidation could lead to substantial plastic strain. 

 

  

Figure 6.6: (a-c) Three different steel orientations calculated on the same measurement, whose position 

is indicated in (d) peak width map by a black circle. Grain 3 is a small, sharp sub-grain forming with 

almost identical but distinct orientation from grain 1, and grain 2 is an entirely new-ly-formed grain. 

A close-up of (01̅3) peak of grains 1 and 3 is given in Figures 5.3.2 c-e and 5.3.3. 

(a)       (b) 

(c) (d) 
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The potential depth of oxidation has been calculated assuming complete oxidation of Al 

only, e.g. at each point in time, all Al to a depth x (t) is oxidized, while beyond that depth no Al is 

oxidized anymore*.  The O concentration profile was assumed to be linear, equal to the fixed value 

at the interface, and zero at x (t). Only the oxygen transport required to oxidize the Al was 

accounted. The oxygen transport to maintain the linear concentration profile is much smaller, and 

was ignored. Setting the infinitesimal amount of O required to oxidize Al over a depth dx and area 

A with the amount transported over a time period dt gives an integral equation for x(t),

Ddt
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where D is the diffusion coefficient of the atomic oxygen, 𝑐0
𝑂 is the atomic fraction of oxygen in 

the ALK at the interface, 𝑐0
𝐴𝑙 is the atomic fraction of Al in the ALK (before oxidation), c⁎

Ο= c0
Ορ 

is the number of oxygen atoms per unit volume of ALK at the interface (O concentration in ALK 

at the entrance), c⁎
Al= c0

Al ρ is the number of aluminum atoms per unit volume (Al concentration 

in ALK), while ρ is the total number of (all) atoms per unit volume of ALK. By substituting these 

assumed values at t = 360 h (test duration), it gives x = 39 µm as the maximum penetration depth 

of oxygen atoms into ALK.  

The obtained value of oxygen penetration depth suggests that internal oxidation is a 

plausible candidate for plastic strain induction reaching 10-15 µm into the ALK. Al-oxide 

growth/formation may cause the striking and splitting of the grain structure in the near-surface 

bulk zone, by a plate (wall) formation, might be illustrated as ‘driving a wedge into wood’. 

                                                           
* The calculus for the possible penetration depth was done by Dr. David Olmsted, and is included here with the 

permission of Dr. Olmsted. 

(6.9) 

(6.10) 
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The other hypothesis is that a strain is induced by the temperature change (cooling) at the 

end of static corrosion tests in LBE. The strain was calculated for ALK in LBE at 800 oC for 360 

h, supposing that the only oxides on the steel surface are Al2O3 and Fe3O4 (as the most dominant 

oxide species determined elsewhere [104]). The thermal expansion coefficient is temperature-

dependent and for the three materials taken into account here (alumina, magnetite, and ALK steel) 

it is represented by a sigmoidal function [158]. The strain in each material is given by: 

𝜀 = ∫ 𝛼(𝑇)𝑑𝑇
1073𝐾

298𝐾
      (6.12) 

where α(T) is the linear thermal expansion coefficient. The calculated strain values for Al2O3, 

Fe3O4 and ALK steel in the defined temperature range (25 0C – 800 0C) are: 

𝜀𝐴𝑙2𝑂3 = 775 × 8.4 × 10
−6 = 0.65 %     (6.13) 

𝜀𝐴𝐿𝐾 = 775 × 14.2 × 10
−6 = 1.1 %     (6.14) 

𝜀𝐹𝑒3𝑂4 = 775 × 16.4 × 10
−6 = 1.3 %     (6.15) 

We get a rough assessment of the resulting strain on/near the bulk-oxide interface as a consequence 

of thermal expansion: If Fe3O4 is the only oxide in the scale atop the steel surface, 𝜀𝐹𝑒3𝑂4 > 𝜀𝐴𝐿𝐾, 

and hence the resulting strain is: 

𝜀𝐹𝑒3𝑂4 − 𝜀𝐴𝐿𝐾 = 2.2 × 775 × 10
−6 = 0.17 %       (6.16) 

However, if Al2O3 is the only oxide in the scale, we have 𝜀𝐴𝑙2𝑂3 < 𝜀𝐴𝐿𝐾, so the resulting strain is: 

𝜀𝐴𝑙2𝑂3 − 𝜀𝐴𝐿𝐾 = −5.8 × 775 × 10
−6 = - 0.45 %         (6.17) 

A positive value means that there is a tension in the oxide and compression in the bulk, and 

vice versa. So, knowing the Young modulus for ALK bulk [59], Fe3O4 [78] and Al2O3 [176-177], 

we can calculate roughly a possible maximum stress in Al2O3 scale (coming from compressive 

strain) as σ = ε×Ε ≈ 1.8 GPa, i.e., 1 GPa in steel bulk (coming from tensile strain). In the same 

way, it is σ ≈ 0.38 GPa in bulk (from compressive strain), i.e., 0.3 GPa in Fe3O4 oxide (from tensile 
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strain). Evidently, the contribution from the thermal expansion mismatch is not negligible, but the 

values are far below our measurements and the computed values when using the internal oxidation 

assumption. However, in all likelihood the strain found may be a combination of both internal 

oxidation and thermal expansion. 

 

6.5. Pb-Bi-Sb and Pb-Bi-Ge alternatives to LBE 

Since the solubility of Al in Pb, Bi and LBE is higher than that of Cr and Fe [38, 47], the 

protectiveness and stability of thermally grown Al-oxide is very important for protection of Fe-

Cr-Al alloys. Although the test materials showed some degree of difference in corrosion behavior, 

it was found that there was common feature of formation a rather stable and continual Al-oxide 

layer as a dominant one. 

In order to characterize the protective scales development on tested Fe-Cr-Al alloys in 

exposure to Pb-Bi-Sb and Pb-Bi-Ge novel liquid alloys, a comparison between the oxides formed 

on each separate steel sample from Pb-Bi-Sb and Pb-Bi-Ge tests on the one side, and from the 

LBE test (at 7000C/10-6 wt% oxygen for 216 h) on the other side, has been performed. For this 

reason, a Welch t-test has been applied, having the sets of one steel from each alloy for comparison. 

The aim was to analyze the statistical significance of the similarity in corrosion behavior of the 

two compared alloys (Pb-Bi-Sb vs. LBE, i.e. Pb-Bi-Ge vs. LBE, in both cases in same duration – 

for 216 h). The aim was to test the null-hypothesis for the sets of measured scale thicknesses in 

one and in the other alloy that are mutually compared, for each steel sample independently. 

However, the problem related to this test is that there is no strong criteria for scale measurement 

and characterization. The oxide scale thickness has been adopted as a measure of the material loss 

in steel samples, although it is not a fully proper quantification parameter for material loss since a 

part of steel elements might be diffusing through oxide without forming it and dissolving into 

liquid phase (with no contribution to oxide scale growth). Besides that, there is also a non-uniform 

morphology in the scales analyzed, some of them being almost only Al-oxide, some of them 

containing also Fe- and Cr- oxides (or pure elements) in there, and some of them even suffered 

damages (cracking, breaking, spalling, delamination, etc.).  
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The statistical t-value and the degrees of freedom between populations have been 

calculated as [161]: 

   

where 𝑋�̅� = 〈𝑋𝑖〉 = mean value of oxide scale thickness in population i, si = standard deviation of 

the values of population i, and Ni = sample (population) size (= number of analyzed spots). 

For the t, v and P values obtained (Tables 6.5 and 6.6), it could be said according to the literature 

data that for ALK and APMT the difference between corrosion behavior of Pb-Bi-Ge and LBE for 

the same duration of the test (216 h), same temperature (700 oC) and same oxygen content in liquid 

(1×10-6 wt% oxygen) - based on the aforementioned methodology - is NOT quite statistically 

significant, while for APM the difference IS significant (see Table 6.6). In the same manner, the 

difference between Pb-Bi-Sb and LBE for the same materials (ALK and APMT) is NOT 

significant, while for APM it is significant (see Table 6.5). 

 

Table 6.5: Welch t-test of the results of measured oxide thickness for static corrosion tests in Pb-Bi-Sb 

and in LBE. For ALK and APMT the difference is not quite statistically significant (p > 0.05); 

However, the difference is significant for APM (populations of the measured scale thickness on that 

alloy from LBE test and from Pb-Bi-Sb test are NOT equal). 

  
Pb-Bi-Sb, 700 oC, 216 h LBE, 700 oC, 216 h Welch’s t-test 

Sample N
1
 <X

1
> s

1
 N

2
 <X

2
> s

2
 t ν P 

ALK 4 9.6 6.9 4 5.5 2.7 1.1 3.9 0.167 

APMT 4 2.8 0.6 3 4.5 1.3 -2.1 2.65 0.069 

APM 3 3.6 1.7 3 7.0 1.7 -2.5 4.0 0.033 

 

(6.8) 
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Table 6.6: Welch t-test of the results of measured oxide thickness for static corrosion tests in Pb-Bi-

Ge and in LBE. For the first two (ALK, and APMT) the difference is not quite statistically significant 

(p > 0.05); For APM, the difference IS significant (populations are NOT equal). 

  
Pb-Bi-Ge, 700 oC, 216 h LBE, 700 oC, 216 h Welch’s t-test 

Sample N
1
 <X

1
> s

1
 N

2
 <X

2
> s

2
 t ν P 

ALK 6 3.8 1.2 4 5.5 2.7 -1.2 3.8 0.1497 

APMT 5 5.5 1.5 3 4.5 1.3 0.99 4.98 0.184 

APM 7 4.0 1.6 3 7.0 1.7 -2.6 3.64 0.033 

 

 The low solubility of Ge in Pb-Bi eutectic limited the compositional concentration of Ge 

in Pb-Bi-Ge to only 0.1 wt%. This limited the chances for formation of Fe-Ge and Cr-Ge 

intermetallics in detectable amounts, if any. In case of Pb-Bi-Sb alloy, there is a noticeable amount 

of Sb (~ 5.3 wt%) in alloy composition to expect the reaction of intermetallic formation to be 

possible to provide a significant amount of Sb intermetallic compounds. In some of the EDS-

analyzed and XPS-analyzed spots on APM sample exposed to Pb-Bi-Sb alloy for 216 h, Sb has 

been detected to have a higher concentration in protective scale region, in zones where the 

significant presence of Fe and Cr has been detected as well (see Figures 5.4.3 and 5.4.4), which 

might be the sign of possible Sb intermetallic compound formation with Fe and/or Cr. It is the 

question in which form oxygen exists in LBE and Pb-Bi-X. If it is neither an ion form of any tipe 

(O-, O2-) nor molecule/radical form, but in form of transient compound (oxide), then Sb2O3 is 

thermodynamically more favorable than PbO (see Figures 3.2.a-b and Figure 6.7). Oxygen 

concentration in Pb-Bi-Sb test was very close to the Sb2O3 formation line (see Figure 6.7), so any 

temporary instability in oxygen concentration in liquid phase might have caused Sb2O3 formation. 

In that case, there might be a reaction  

2nFe(Kanthal APM) + Sb2O3(LBE) + 2Al(Kanthal APM) -> 2FenSb(solid) + Al2O3(solid)           (5.2) 

of intermetallic formation, which was not considered. This research was focused on analysis of 

two-component intermetallics formation, however multi-component intermetallic compounds 
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formation (such as a Cr-Fe-Sb [168, 169]) might also be possible. On the other hand, higher 

amount of Sb has been found on yttria-stabilized-zirconia (YSZ) of oxygen sensor’s tip, and on 

Ti3SiC2 (Max-phase) plate that both have been immersed in liquid Pb-Bi-Sb during the corrosion 

test (as the components of oxygen sensor). On the other hand, higher solubility of Ti and Si in 

(LBE)94.7Sb5.3 than in LBE (coming from the higher solubility of these elements in Sb) might be 

supposed, so that their dissolution ‘occupies’ significant part of Sb atoms from liquid alloy, 

therefore moving the chemical equilibrium of the reaction of MmSbn formation (mM + nSb ⇄ 

MmSbn) to the left, i.e. towards decomposition of MmSbn intermetallic into elementary antimony, 

thus decreasing the amount of detectable Sb-intermetallic compounds in the protective scale. Gibbs 

free energies of dissolution of Zr-, Ti- and Si- into Sb, being more negative than Gibbs free energy 

of Sb-Fe and Sb-Cr intermetallic compounds formation, support this hypothesis.  

 Based on thermodynamic considerations, it can be expected that part of Sb amount in Pb-

Bi-Sb might be oxidized by oxygen dissolved in liquid, so the oxidation of aluminum comes partly 

from the reaction 2Al + Sb2O3 ⇄ Al2O3 + 2Sb which is thermodynamically favored to the right, 

while for Fe instead of Al is not, based on Ellingham’s diagram (see Figure 6.7). This double-way 

of oxygen uptake during the formation of protective oxide in case of Pb-Bi-Sb alloy might be cause 

of slightly higher instability of EMF, i.e. higher variation in EMF value (of ~ 20 mV) during the 

test, comparing to the signal in Pb-Bi-Ge (< 10 mV). 
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Figure 6.7. Ellingham’s diagram of formation of the oxides relevant in this study (given in EMF and 

ΔG values), and oxygen iso-concentration lines, with the dots corresponding to the two tests (Sb-test 

and Ge-test) presented in this study. 

As it can be seen, there was no distinct Fe-oxide or Fe-Cr-oxide formation (in any oxidation state) 

as a separate phase, independent from Al-oxide which has been found as the only oxide phase 

(with some Fe and Cr in it, either as dissolved elements or in form of oxide). One possible 

explanation for this is that, although the formation of Fe-oxide is possible in both tests, according 

to Ellingham’s diagram and EMF/temperature combination in both tests (Figure 6.7), oxygen 

concentration is still rather close to the threshold concentration for Fe-oxides formation, while it 

is way higher than threshold oxygen concentration for Al-oxide formation. This means that for 

protective oxides formation on Fe-Cr-Al alloys in a complex system of ternary Pb-Bi-X alloy with 
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dissolved oxygen, oxygen must be enough beyond the sufficient (threshold) concentration in order 

to provide a ‘driving force’ for pushing the oxide formation reaction mM + nO ⇄ MmOn (M = Fe, 

Cr, Al) to the right. The other possible explanation might be found in presence of X = Sb, Ge in 

the reaction system. Although the EMF/temperature positions of the two tests is below the limit 

for Sb2O3 and GeO2 formation (above the Sb2O3 and GeO2 lines on Ellingham’s diagram), they 

are still near the limit, i.e. on the lines. So it is possible that reactions 2Sb + 3O ⇄ Sb2O3 and Ge 

+ 2O ⇄ GeO2 occur, as competitive to the reactions of Fe-oxides formation, therefore capturing 

(removing) an amount of oxygen necessary to act as a sufficient driving force for Fe-oxide 

formation. 

There arose a question: why ALK in Pb-Bi-Sb developed more discontinuous and less 

compact oxide scale (and exhibited more dissolution of Fe and Cr) than the other two samples in 

Pb-Bi-Sb and than all three samples in Pb-Bi-Ge liquid alloy? Regarding the fact that a more 

detrimental effect of Pb-Bi-Sb has been found on ALK sample (having a lower-Al content, 4.0 

wt%), than on APMT and APM (5.0 and 5.8 wt% Al, respectively), a possible explanation is that 

lower Al content in steel causes (enables) more Fe-Sb and Cr-Sb intermetallic compounds 

formation. They are either formed after Fe and Cr dissolve into the Pb-Bi-Sb liquid (meaning that 

the intermetallic is formed only in the liquid phase) or intermetallic is formed on the steel surface 

but has a high solubility into liquid. 
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Chapter 7 

 

Summary and conclusions  

 

7.1. Oxide growth characterization and oxide layers structure 

In this study, ferritic Fe-Cr-Al alloys have been tested in liquid lead-bismuth eutectic 

(LBE) at high temperatures (up to 800 0C) as potential structural material candidates, due to their 

claimed resistivity, i.e., the ability to form protective superficial oxide layers in presence of the 

appropriate oxygen concentration in LBE. Three Fe-Cr-Al alloys with various Al and Cr content 

have been used in the tests: ALK, APMT and APM. In order to evaluate the materials ability to 

form protective oxide layers, tests were performed in various durations (up to 1000 h) under precise 

control of oxygen content in LBE. The three tested alloys proved to be good structural material 

candidates for use in heat storage and transfer applications of LBE at temperatures up to 800 0C. 

The structure of formed oxide layers has been analyzed by EDS, TEM, Raman spectrometry and 

XPS. Based on the analysis of the influence of various factors on oxide scale formation, and on 

analysis of oxide growth in time, a model of oxide layers formation has been proposed. Besides 

that, the influence of temperature variations (thermal cycling/disturbance) on oxide scales 

damaging and degradation has been investigated and characterized. Here is the summary of the 

findings and conclusions related to the oxide layers structure, formation and degradation (failure): 

1. The oxygen concentration of ~ 1×10-6 wt% was proven to be optimal for formation of stable, 

continual and well-adhered oxide layers.  
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2. The oxide layers developed at 700-800 0C on higher-Al containing samples (APM and APMT) 

consist of mostly Al-oxide, while ALK (lower-Al) contains a bit more Fe- and Cr- oxides than 

the other two. 

3. The oxide scale formed on ALK exposed to LBE containing 5×10-6 wt% O at 800 0C for 360 

h is a complex structure of more than one layer. The inner layer is a dense and compact 

structure, adherent to the bulk substrate and consists mainly of α-Al2O3 (and some Ti- and Cr-

oxides), with no Fe-oxides and no Pb/Bi penetration in it. Ti at the alloy/oxide interface 

indicates its diffusion and oxidation. Ti-oxide probably acts as a precursor or stabilizer for the 

formation of the α-Al2O3 inner layer. Based on the Cr content in ALK, internal oxidation of Al 

is possible, enabled by intergranular oxygen diffusion. The outer oxide layer is more 

heterogeneous and consists of several oxides: Fe-oxides (mostly Fe3O4), Cr2O3, Al2O3, TiO2 

and Mn-oxide. It is differentiated into three sub-layers, based on the morphological appearance 

and chemical structure in each one. The greater porosity of outer layer results in penetration of 

Pb and Bi. 

4. A slight lowering of the oxygen concentration to 1×10-6 wt% in LBE (at same temperature of 

800 0C) results in reduction of the diversity (types) of oxides in the two layers formed on ALK: 

the outer one consists mostly of FeAl2O4 and Al2O3, while the inner is almost only Al2O3 

(thermodynamics dominates over kinetics). Further slight lowering of oxygen might provide 

favorable conditions to promote the formation of Al2O3 only (this suggestion warrants further 

investigation), but concentration of 1×10-7 wt% oxygen was found to be too low for compact 

and well-defined scales formation. The decrease of temperature to 700 0C with simultaneous 

increase of Al content from 4.0 to 5.8 wt% (in case of APM alloy) leads to only one layer 

formed, consisting of mostly Al2O3 and some areas of FeCr2O4 and Cr2O3 immersed in Al-

oxide matrix. 

5. Based on the TEM findings and in accordance with the diffusion properties (and abundance) 

of the constituents in tested Fe-Cr-Al alloys, a mechanism of oxide scale formation under the 

given conditions has been proposed, in which the outer, Fe-rich, porous and non-compact oxide 

layer forms first, followed by the formation of the inner, dense and compact Al2O3 layer. 

6. An additional thermal disturbance, i.e., a mid-term thermal cycle (decreasing the actual 

temperature of the testing system down to 200 0C and increasing it back to the actual one, in a 
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time interval ≤ 2 h) at various test temperatures (550 – 800 0C), leads to the increase in oxide 

scales failure with the increase in operating temperature, compared to the no-cycle (constant 

temperature) tests, in all three tested Fe-Cr-Al alloys. This effect increases with increasing Al 

content in samples. Due to the breaking and spalling of the scales caused by the mid-term 

thermal cycling, and re-growth in remaining ~ 4-5 days, the results (the effects) of 9-day 

cycling tests give the outcome similar to that of 4-day non-cycling tests, especially at highest 

actual temperature used in tests (800 0C). This refers to the increase in Al content in the higher-

Al alloys (APM and APMT), and decrease in the thickness in low-Al one (ALK). 

7.2. Generation of the deformation and strain in near-interface bulk by the oxides formation 

At high temperatures and higher oxygen concentration in LBE, the diffusion of oxygen 

through the oxide layers into the bulk increases and may lead to the internal oxidation of Al. This 

can generate strain in the oxide and in near-oxide bulk due to the mismatch between the crystal 

structures of oxides and of the bulk, leading subsequently to the oxide layers breaking and 

spallation. The other cause of strain can be the mismatch of thermal expansion (or constriction) 

coefficients of oxides and of the bulk, in cooling at the end of heat transfer systems operation. 

Strain in oxide layers might provoke their breaking and spallation. According to the results 

obtained by the X-ray microdiffraction analysis, strain in the lattice mainly comes from plastic 

deformation, and more dominant mechanism of strain induction is by the internal oxidation. Here 

is the summary of the findings and conclucions related to the strain induction in Fe-Cr-Al bulk and 

oxides: 

1. There are two origins of the strain induced in the bulk: one is the internal oxidation of 

aluminum through the diffusion of oxygen from LBE into bulk (due to the faster diffusion rate 

of oxygen than of steel elements, both in bulk and in oxide), while the other one is the thermal 

constriction mismatch between the oxide and the bulk.  

2. Dislocation density calculated from crystal mis-orientation correlates with peak width and 

strain distribution, indicating that strain in the lattice mainly comes from plastic deformation.  

3. Grain refinement (rotation/tilting) of the bulk crystal structure (lattice) causes changing in 

crystal orientation in the near-interface region, and can be ascribed to the internal oxidation, 

which subsequently induces strain due to the oxide and bulk lattices misfit. 
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4. According to the results presented here, more dominant mechanism of strain induction is by 

the internal oxidation. 

7.3. The effect of minor additive to LBE - Alternative Pb-Bi-X ternary alloys design 

At last, the effect of a minor additive to LBE on improvement of the protective layers on 

Fe-Cr-Al materials has been studied. The goal was to promote a possible formation of the 

protective intermetallic layers, besides the oxide layers. Based on thermodynamic considerations, 

17 elements have been detected to be able to form stable intermetallic compounds with Fe and Cr. 

Of the 10 investigated, only four of them provide a non-zero oxygen concentration operational 

range, based on our temperature range, and the requirement to preserve formation of alumina. The 

two ternary alloys, Pb-Bi-Sb and Pb-Bi-Ge, proved to be the most promising ones among the 

considered Pb-Bi-X candidates.  

Corrosion tests showed that Pb-Bi-Sb and Pb-Bi-Ge alloys do still foster the formation of 

a well-protective Al-oxide layer (≤ 3.5 µm) on the surface of Fe-Cr-Al steels. No intermetallic 

compounds of Ge with Fe and Cr were detected, in agreement with the predictions based on 

calculations. However, experimental (EDS) results indicate an existence of Sb intermetallic 

compound with Fe and/or Cr, at least on high-aluminum (APM) sample. No other significant 

advantage over LBE has been found in behavior of these two ternary alloys. 
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APPENDIX A. 

 
Figure A1: Number of reactors in operation, worldwide, 2016-11-27 (IAEA 2016) [9] 

 
Figure A2: Number of reactors under construction, 2016-11-27 (IAEA 2016) [9] 
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Figure A3: Nuclear share in electricity generation, 2015 (IAEA 2016) [9] 
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APPENDIX B 

Table B1. Free energies as a function of temperature. The sources for ΔGForm
0 are: TCBIN – the 

ThermoCalc binary database; Liu & Du – a CALPHAD assessment [163]; Hasek – a CALPHAD 

assessment [164]; MP – zero temperature DFT formation energy from Materials Project [129]; 

OPMQ – zero temperature DFT formation energy from the Open Quantum Materials Database 

[130]; DFT – zero temperature DFT formation energies computed in the present work; DFT + 

Mixing – zero temperature DFT formation energies computed in the present work, with the 

inclusion of a finite-temperature correction using the ideal mixing energy for interstitial Fe in 

Fe1+xSb, to account for the off-stoichiometric composition. N/A indicates not available. 

 

 Intermet. 

compound 

T 

(oC) 

ΔGM 

(kJ/mol-X) 

M 

  

  

ΔGX 

(kJ/ 

mol-X) 

  

  

  

ΔGForm
0 

(kJ/ 

mol-X) 

Source of 

ΔGForm
0 

  

ΔGForm 

(kJ/ 

mol-X) 

ΔGForm 

(kBT/ 

atom) 

FeSb 

250 3.33 Fe 0.58   -0.18 
DFT 

3.72 0.43 

800 4.30 Fe 20.41   -0.18 24.53 1.37 

Fe1.3Sb 

250 4.33 Fe 0.58   -2.84 DFT + 

mixing 

2.06 0.21 

800 5.59 Fe 20.41   -5.63 20.37 0.99 

Fe1.38Sb 

250 4.60 Fe 0.58   -3.07 DFT + 

mixing 

2.10 0.20 

800 5.93 Fe 20.41   -6.11 20.24 0.95 

Cr3Ge 

250 0.09 Cr 0.00   -64.88 Liu & Du 

[49] 

-64.80 -3.72 

800 24.21 Cr 55.17   -69.48 9.88 0.28 

Cr5Ge3 

250 0.05 Cr 0.00   -44.96 Liu & Du 

[49] 

-44.91 -3.87 

800 13.45 Cr 55.17   -48.51 20.11 0.85 

Fe3Ge 

250 9.99 Fe 0.00   -38.20 
MP 

-28.24 -1.62 

800 12.90 Fe 55.17   -38.20 29.88 0.84 

Cr0.64Co0.3

6 

250 0.05 Cr 0.03   -2.97 
TCBIN 

-2.89 -0.24 

800 14.35 Cr 66.42   -14.14 66.64 2.69 

Fe2Ti 

250 6.66 Fe 0.00 [a] -62.70 
TCBIN 

-56.04 -4.29 

800 8.60 Fe 43.48   -64.74 -12.66 -0.47 

FeTi 

250 3.33 Fe 0.00 [a] -49.18 
TCBIN 

-45.84 -5.27 

800 4.30 Fe 43.48   -46.14 1.62 0.09 

Cr2Ti 

250 0.06 Cr 0.00 [a] -5.16 
TCBIN 

-5.10 -0.39 

800 16.14 Cr 43.48   -8.97 50.64 1.89 

FeZr3 

250 1.11 Fe 0.00 [a] -17.58 
TCBIN 

-16.47 -0.95 

800 1.43 Fe 45.08   -13.87 32.64 0.91 

Fe2Zr 

250 6.66 Fe 0.00 [a] -73.95 
TCBIN 

-67.29 -5.16 

800 8.60 Fe 45.08   -74.10 -20.42 -0.76 

Cr2Zr 

250 0.06 Cr 0.00 [a] -71.62 
TCBIN 

-71.56 -5.48 

800 16.14 Cr 45.08   -55.17 6.05 0.23 
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FeHf2 

250 1.67 Fe 30.68   -26.92 
MP 

5.43 0.42 

800 2.15 Fe 30.68   -26.92 5.91 0.22 

FeHf 

250 3.33 Fe 30.68   -63.87 
OMPQ 

-29.86 -3.43 

800 4.30 Fe 30.68   -63.87 -28.89 -1.62 

Fe2Hf 

250 6.66 Fe 30.68   -101.02 
MP 

-63.68 -4.88 

800 8.60 Fe 30.68   -101.02 -61.74 -2.31 

Cr2Hf 

250 0.06 Cr 30.68   -35.98 Hasek 

[50] 

-5.23 -0.40 

800 16.14 Cr 30.68   -37.12 9.70 0.36 

FeV 

250 3.33 Fe 0.00 [a] -17.88 
TCBIN 

-14.55 -1.67 

800 4.30 Fe N/A   -25.21     

FeB 

250 3.33 Fe 0.00 [a] -60.11 
TCBIN 

-56.78 -6.53 

800 4.30 Fe N/A   -57.12     

Fe2B 

250 6.66 Fe 0.00 [a] -64.96 
TCBIN 

-58.30 -4.47 

800 8.60 Fe N/A   -66.43     

Cr2B 

250 0.06 Cr 0.00 [a] -106.75 
TCBIN 

-106.68 -8.18 

800 16.14 Cr N/A   -100.15     

Fe7Nb6 

250 3.89 Fe 0.00 [b] -34.05 
TCBIN 

-30.17 -0.53 

800 5.02 Fe N/A   -36.10     

Fe2Nb 

250 6.66 Fe 0.00 [b] -43.78 
TCBIN 

-37.13 -2.85 

800 8.60 Fe N/A   -47.38     

Cr2Nb 

250 0.06 Cr 0.00 [b] -16.67 
TCBIN 

-16.60 -1.27 

800 16.14 Cr N/A   -19.08     

Fe2Y 

250 6.66 Fe 169.23   -18.24 
MP 

157.65 12.08 

800 8.60 Fe 169.23   -18.24 159.59 5.96 

Fe3Y 

250 9.99 Fe 169.23   -24.70 
OMPQ 

154.51 8.88 

800 12.90 Fe 169.23   -24.70 157.43 4.41 

ΔGM is for the reaction M(Kanthal APM) -> M(standard state), where M is Fe or Cr. 

ΔGX is for the reaction X(LBE-X saturated at 250 °C) -> X(standard state).  

ΔGForm
0 is for the reaction nFe(bcc) + mX(standard state) -> FenXm (solid). (Or Cr instead of Fe) 

ΔGForm is for the reaction nFe(Kanthal APM) + mX(LBE-X saturated at 250 °C) -> FenXm (solid). (Or Cr) 

[a] ΔGX at saturation is probably positive, but unknown. Assuming a value of zero provides 

a lower bound for ΔGForm, such that if this lower bound is still positive, intermetallic 

formation is not thermodynamically favored. 

[b] ΔGX at saturation is unknown. Assuming a value of zero provides a lower bound for 

ΔGForm, such that if this lower bound is still positive, intermetallic formation is not 

thermodynamically favored. 
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APPENDIX C. 

 

 Table C1. Corrosion tests in LBE in second samples’ arrangement 

LBE 

test 

 

  steel 

Oxide scales after 216 h Oxide scales after 432 h Oxide scales after 648 h 
Comment 

thickness description thickness description thickness description 

 

 

 

8000  

C; 

 

10-7  

wt% 

oxyg. 

 

ALK 3-7 μm  

Al-oxide 

next to bulk; 

dissol. area 

up to 120μm 

Mostly Al-O 

some Cr-O; 

Fe+Cr+LBE 

in dissolution 

area. 

Al-O & 

Fe-/Cr- 

oxide; 

dissol.area 

50-200μm  

Mixed 

system of 

oxide layers 

and types 

  Zone of 

oxidation + 

dissolution; 

mixture of 

oxides. 

APM 3-5 μm Al-

oxide;  

8-12μm  

Cr-/Al- 

oxides. 

Oxidation + 

dissolution 

area 30-90 

μm. 

20-45μm; 

Al-O on 

surface & 

in bulk 

Oxydation + 

dissolution;  
mixed oxides; 
insufficient 

protection 

  

APMT 4-10μm Al-

oxide (2-6μm 

Fe/Cr-oxide 

in it). 

Oxidation + 

dissolution 

area ≤ 150 

μm. 

5-8μm of 

Fe-/Cr-

oxide, & 

5-6μm Al-

/Cr- oxide 

Mostly Fe-

/Cr- oxides; 

Almost no 

Al-oxide; 

oxid.+dissol. 

  

 

 

 

 

 

 

 

8000 

C; 

 

10-6  

wt% 

oxyg. 

 

 

APM 3-10 μm, 

mostly Al-

oxide, rather 

adherent and 

compact. 

Internal 

oxidation 

detectable; 

more layers 

sometimes(?).  

    Fair test; 

protection 

scales exist 

 

ALK 

1 or 2 layers 

(of Al-oxide 

mostly); 2-9 

μm in total. 

Al-O, some-

times broken  

/detached or 

in pieces; 

some Cr-/Fe- 

oxide(s). 

    

APMT 3-6μm 

Al2O3, 

multi-layers, 

on surface 

and in bulk 

Al-oxide 

internal oxid. 

in bulk, 

below the 

initial surface 

    

7000 

C; 

10-6  

wt% 

oxyg. 

(7000 

C; 

10-6  

wt% 

ox.) 

ALK 3-6 um Al-O, 

sometimes 

crushed or 

thin, some 

Fe-Cr-oxide 

2-7 um Al-O 

mostly, 

sometimes 

broken (bad) 

7-15 μm Al-

O in total (≥ 

1 layer) + 5-

10 μm Fe/Cr 

-O scales 

Multiple 

(inner/outer) 

oxides, not 

enough 

protective 

Decent 

oxide 

layers 

APM 3-7 um Mostly Al-O, 

some Cr,Fe-

oxide 

3-5 um Mostly Al-O 
some Cr,Fe-O 

3-7 um Al-

O (and some 

Fe/Cr inside 

it) 

Al-O: 

stable, nicely 

formed, 

attached; 

main protec-

tion. 
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APMT 4-8 um Mostly Al-O, 

some Cr,Fe 

2-5 um Mostly Al-O 3-5 μm Al-

O (inner); 3-

7 μm Fe/Cr 

–O (outer) 

Diffusion of 

Fe/Cr through 

Al-O, or dif-

fusion of O2 

through bulk 

& oxidation 

of Al inside 

bulk 

 

 

 

 

 

 

 

 

 

7000 

C; 

 

10-7  

wt% 

oxyg. 

 

ALK 3-6μm Al-O 

4-10μm Cr-

οxide (or Cr-

/Fe- oxides); 

 

35-50 um of 

oxidation + 

dissolution 
zone  

(Fe-/Cr-/Al- 

oxides 

+ Pb/Bi 

penetrated) 

Multiple 

layers/ 

scales/areas, 

Al-O next to 

bulk, then 

Cr(Al/Fe)-O 

then LBE 

(and 
sometimes 
Cr/Al- or 

Cr/Fe- oxides 

floating in 

LBE) 

     

 

 

 

 

 

Mostly 

oxidation + 

dissolution 

present 

APM 3-8 μm  

Al-oxide; 

 

sometimes 

3-5 μm of 

Cr-/Fe-

oxide 

Cr/Fe-oxides 

independent, 

or 

incorporated 

in Al-O 

scales (or just 

Cr/Fe atoms 

leaking from 

bulk & 

stopped in 

scales) 

    

APMT 3-7μm Al-O 

(on surface 

or deeper in 

bulk); 

15-35 μm 

thick zone of 

oxidation + 

dissolution. 

Frequent 

evidence of 

leakage of 

structural 

elements 

(Cr,Fe) 

through Al-O 

(by diffusion) 

    

 

 

 




