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Abstract

Fe—22Cr-0.5Mn based ferritic steels are being used as construction materials for intercon-
nects in solid oxide cells (SOCs). Oxidation resistance of these steels is critical for their perfor-
mance and was investigated in the present work under conditions relevant for the interconnect
operation. A set of ferritic steels of a Crofer family, including the commercial steel Crofer 22 H,
were oxidized at 800 °C in Ar - O, Ar—H; -H;0 and Ar-CO - CO; model gases simulating
air and fuel sides of the fuel cells. The key factors controlling the high temperature oxidation
behavior are addressed in the work, namely i) the effect of gas composition and ii) the role of
alloying elements in the steels, especially minor additives.

A set of analytical techniques was employed to characterize the oxidation process as well
as the related structural changes in the steels. TG data were correlated with the results of
the elemental analysis from GD-OES, phase analysis by XRD or Raman spectroscopy and mi-
crostructural analysis using SEM. A special focus in the work was put on high-resolution
characterization methods such as TEM and APT, which enable to reveal the microstructure
of the oxide scale and the elemental distribution at the nanoscale level and thereby investi-
gate the mass transport processes through the oxide. APT was extensively used for obtaining
atomic scale insight into the microstructure, particularly at grain boundaries, and the obtained
information was employed to shed light on the oxidation mechanisms.

The oxidation rate of these ferritic steels strongly depends on the oxygen partial pressure
as well as on the alloy chemistry, even on small compositional changes. All studied alloys
form a duplex oxide scale consisting of MnCr,O4 spinel on top of Cr,0j3 in all atmospheres.
Addition of Nb resulted in Nb-rich rutile-type oxide layer formation at the chromia-alloy
interface. Subsequent addition of Si to Nb—containing alloy leads to disappearance of Nb-rich
oxide layer and formation of a mesh-like SiO; layer at this interface. Ti addition promotes
formation of the internal oxidation zone.

APT revealed and quantified segregation of minor alloying constituents (Nb, Ti, Mn and Si)
at the oxide GBs, which control the mass transport through the oxide scale, and at the alloy-
oxide interfaces. Relationships between segregation activity of individual elements (in terms
of Gibbsian interfacial excess), oxide scale microstructure and alloy oxidation rate have been
established based on APT results. In particular, it was shown that the elemental segregation
activity and the oxide grain structure do not correlate with the oxidation rate differences in
different atmospheres, whereas the porosity of the oxide scale was assumed to be the key pa-
rameter controlling the oxidation rate. Comparison of GB segregation activities in different
studied alloys revealed that vacancies formation due to Wagner—Hauffe doping with aliova-
lent impurities (Ti and Nb), which is commonly assumed as a mechanism for the impurity



effect, cannot be solely responsible for faster oxidation, and the structural alteration of grain
boundaries in presence of segregating species was proposed as an alternative mechanism. The
role of Si and the reactive element (La) was also investigated and explained based on the direct
nanoscale information. The obtained results can be used for future development of high-Cr
steels with an improved oxidation resistance.
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Kurzzusammenfassung

Fe - 22 Cr - 0.5 Mn basierete Stihle werden beim Aufbau von Solid Oxide Fuel Cells (SOFCs) als
Interconnect-Materialien eingesetzt. Als kritischer Parameter fiir seine Funktion als Interconnect-
Material wurde in der vorliegenden Arbeit die Oxidationsbestandigkeit dieser Stahle unter-
sucht. Dazu wurden verschiedene Crofer—Stéhle, einschlieflich des kommerziell verfiigbaren
Crofer 22 H, bei 800 °C in Ar-209%0,, Ar-4%H;-4%H,0 und Ar-1%CO-1%CO, als
Modell-Gasgemischen fiir die Luft— und Brenngas—Gemische einer Brennstoffzelle oxidiert.
Als Schlisselfaktoren fiir das Oxidationsverhalten wurden in dieser Arbeit die Zusammenset-
zung der Gasgemische und die Rolle der Legierungsbestandteile insbesondere der Nebenbe-
standteile untersucht.

Der Oxidationsprozess und die damit einhergehenden Strukturdnderungen wurden mit ver-
schiedenen analytischen Verfahren charakterisiert. TG Daten wurden mit den Ergebnissen der
GD-OES, der Phasenanalyse mittels XRD oder Raman Spektroskopie sowie der Mikrostruktur-
analyse mittels SEM korreliert. Der Kernfokus der Arbeit lag jedoch auf Einsatz der hochauflésenden
Analysetechniken TEM und APT, die Veranderungen in der Mikrostruktur in Bezug auf Oxida-
tion und Elementverteilung/—umverteilung im nm-Bereich erméglichen und damit erméglichen
Transportprozesse durch Oxide zu untersuchen. APT wurde extensiv fiir die Untersuchung
der Mikrostruktur in atomarer Auflésung, insbesondere an Korngrenzen eingesetzt, wodurch
Informationen iiber den Oxidationsmechanismus erhalten wurden.

Die Oxidationsraten der Stahle hdngen stark vom Partialdruck des Sauerstoffs und der Legierungs-
chemie ab, auch wenn die Zusammensetzung sich nur geringfiigig dndert. Alle Legierungen
bilden Doppeloxide aus MnCr,Oy4 Spinell auf der Cr,Os3 Schicht, unabhingig von der Atmo-
sphére. Die Zugabe von Nb fithrte zu einer Nb—angereicherten Oxid-Schicht vom Rutil-Typ
auf dem Cr-Oxid Interface. Die Schrittweise Zugabe von Si zu den Nb-haltigen Legierungen
zeigte die Abnahme der Nb-agereicherten Oxidschichten und das Entstehen einer netzartigen
SiO; Schicht am Interface. Ti-Zugabe forderte die Bildung einer internen Oxidationszone.

Mittels APT konnte die Seggregation von Legierungs-Nebenbestandteilen (Nb, Ti, Mn and
Si) an den Korngrenzen und den Metal-Oxid-Interfaces, die den Massentransport durch die
Oxidschicht bestimmen, quantitativ bestimmt werden. Die Beziehung zwischen der Segre-
gationsaktivitat einzelner Elemente (Gibbsian interfacial excess), Oxidschicht—Mikrostruktur
und Oxidationsraten ist auf Basis der APT Ergebnisse etabliert worden. Spezifisch wurde
gezeigt, dass die Segregationsaktivitat und die Oxid—Korn-Struktur nicht mit den unterschiedlichen
Oxidationsraten in verschiedenen Atmosphéren korrelieren, wohin gehen die Porositat der
Oxidschicht als Schliisselparameter fiir die Oxid-Wachstumsrate angenommen wird. Der Ver-
gleich der Segregationsaktivititen an Korngrenzen in verschiedenen Legierungen zeigt, dass
die Leerstellenbildung gemafl Wagner-Hauffe Doping mit aliovalenten Verunreinigungen (Ti

vii



und Nb), die typischer Weise als der Mechanismus fiir die Verunreinigungeneffekt angese-
hen wird, nicht als alleiniger Grund fiir die schnellere Oxidation auftreten kann. Daher wer-
den die Strukturianderungen der Korngrenzen bei gleichzeitiger Segregation als alternativer
Mechanismus vorgeschlagen. Die Rolle des Si und des reaktiven Elementes La ist ebenfalls
untersucht worden und kann auf Basis der Nanoinformationen erklart werden. Die erhalte-
nen Ergebnisse dienen der Weiterentwicklung von hochlegierten Cr-Stahlen mit verbesserter
Oxidationsstabilitat.

viii



Contents

Abstract v
Kurzzusammenfassung vii
List of Abbreviations Xix
1 Introduction 1
1.1 Solid Oxide Cell (SOC) and its components . . . .. .. ................ 2
1.2 Materialsfor SOC . . . . . ... ... 3
121 Anode . .. . 3

1.22 Cathode . . ... .. ... . ... 3

1.2.3 Electrolyte . .. .. ... . 4

1.2.4 Interconnects . . . .. ... ... 4

2 Scientific Background 7
2.1 An overview of metal oxidation theory . ... ... ... ... ... .. .. 7
2.2 Thermodynamics of high temperature oxidation . . . .. ... ............ 9
2.3 Kinetics of high-temperature oxidation . ... ........ ... ......... 12
2.4 Development of high—Cr ferritic steels for SOC interconnects. . . . . .. ... .. 14
2.5 Reactive element (RE) effect in high-Cr ferriticsteels . . . . . ... ......... 16
2.6 Effect of gas composition on interconnect oxidation . . . . .. ... ... ... ... 18
2.7 Internaloxidation. .. .... ... ... ... ... ... . L 20
2.8 Diffusion and mass transport in thermally grown oxide . .............. 20
2.9 Nanoscale characterization of thermal oxide scales . . ... ............. 21
2.9.1 Transmission electron microscopy . . . . . . .. ..o 21

A Energy dispersive X-ray spectroscopy (EDX/EDS) . ............ 23

B Application to thermally grown oxide scales . . . .. ... ......... 24



Contents

2.9.2 Atom Probe Tomography (APT) . . ... ..... .. ... ... ........ 25

A Historical perspective . . . . . . .. ... 25

B Fundamentals . . . .. ... ... ... ... ... 26

C Sample preparation . . .. ... ... ... ... 27

D Application of APT to thermally grown oxide scales . . ... ... . ... 28

210 Motivation . . . .. ... ... 29
3 Experimental Methods 31
3.1 Alloysinvestigated . . . . .. ... ... 31
3.2 Oxidation Testing . . . . . ... ... . .. 32
3.3 Materials Characterization . . ... ........ ... . ....... ... ...... 32
3.3.1 Phase Analysis . . . . ... ... 32

A X-ray Diffraction XRD) . . .. ... ... 32

B Raman Spectroscopy . . .. ... ... 33

3.3.2 Compositional Depth Profiling . . . ........ ... ... ... ........ 33
3.3.3 Electron Microscopy . . . . ... ..ot 33

A Scanning Electron Microscopy (SEM) . .. .......... .. ...... 33

B Transmission Electron Microscopy (TEM) . ... .............. 33

3.3.4 Atom Probe Tomography (APT) . ... ... ... ... .. ..., 34

4 Effect of gas composition on high temperature oxidation 36
41 Introduction . .. ... ... ... .. ... 36
4.2 Thermogravimetric analysis . . ... ..... ... ... . ... 37
43 Phaseanalysis . . . . . ... ... 38
44 Elemental Depthprofiling. . . .. ..... ... ... ... .. ... ... . ... . 40
4.5 Electron miCroSCOPY . . . . v v v v vt it i e e 43
4.5.1 Scanning Electron Microscopy (SEM) . . . ... ... ... ... ... ... 43

4.5.2 Transmission Electron Microscopy (TEM) . . ... ... ............ 45

4.6 Atom probe tomography . ... ... ... ... .. 48
4.6.1 Chromiascalein Ar—=Oy . . . . . . .. .. . 48

4.6.2 Chromia scale in Ar-4%H;-4%H,O . ... ... ... ... ... ... ... 51

4.6.3 Chromia scale in Ar—1%CO-1%COy . ... ... .. ... . ......... 53

4.7 Oxidation Mechanisms . . ... ... ... ... ... ... . .. . ... . . ... 54
4.7.1 Nanoscale considerations for the oxide scale growth . . . . ... ... . ... 54
4.7.2 Carbon transport through Cr,O5 . . . . . ... ... .. .. .. ... 56




Contents

4.7.3 Chromia plate/whisker formation . . ........... ... . ... .... 57

4.8 SUMMATY . . . . v vttt e et e e e 57
5 Role of minor alloying elements on high temperature oxidation 59
5.1 Oxidation Kinetics . . . ... ... ... ... . . . 59
5.2  Glow discharge optical emission spectroscopy . . ... ... ... ... ... . ... 61
5.3 Electron Microscopy analysis. . . .. ........... ... . . ... ... ..., 62
5.3.1 Scanning electron microscopy (SEM) . .. ..... . ... ... ... ..., 62

5.3.2 Scanning transmission electron microscopy (STEM) . . ... ... ... ... 64

5.4 Atom probe tomography (APT) . ... ... ... ... .. ... ... ... 65
541 AOY-NTS . . oottt e e 65

A Chromiascale. . . ........... ... . ... . .. 65

B Metal-oxideinterface . . . . ... ... ... ... L 67

542 Alloy-NT . . .. 68

A Chromiascale. . ... ... ... ... ... 68

B Metal-oxideinterface . . . . ... ... ... ... . L Lo L 70

543 Alloy-T . . . . 71

A Chromiascale. . ... ... ... . .. 71

B Metal-oxideinterface . . . . . . .. ... 72

544 Alloy-N . ... 73

A Chromiascale. . . . ... ... ... . ... 73

B Metal-oxideinterface . . . .. ... ... ... L 75

55 Discussion . . . .. ... 75
5.5.1 General considerations of GB influence on the oxidation behavior . .. .. 75

5.5.2 Quantification of GB segregation from APTdata . . .............. 76

5.5.3 Elemental diffusion through the chromiascale . ................ 77

5.5.4 Intermittent oxide phases between chromiaand alloy . ... ......... 78

5.5.5 Reactive elementeffect . . . ... ... .. ... 79

56 Summary . . . ... e 80
6 Internal oxidation 82
6.1 Scanning electron Microscopy (SEM) . . . . . . . ... ... 82
6.2 Transmission electron Microscopy (TEM) . . ... ... ........ . ... ... 83
6.3 Atom probe tomography (APT) . ... ... .. ... .. .. 84
6.4 Thermodynamic considerations . . . ... ........................ 88

Xi



Contents

6.5 Influence of gas composition . . . . ... ... ... ... 89
6.6 SUIMIMATY . « . . v v v it e et e e et e e e e e e 89
7 Conclusion 91
7.1 Possible pathways for further steel development . . . . . ... ... ... ...... 93
Bibliography 94
Acknowledgements 103
Curriculum Vitae 104

xii



List

1.1

1.2

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9
2.10

2.11

of Figures

Schematic representation of energy storage by various devices as a function of
time [5] . . . ..
Schematic of an SOFC stack showing different components and relevant gas

atmospheres (airand fuel). . ... ... ... Lo o

Schematic showing various stages of metal-oxygen reactions during high tem-
perature exposure [20]. . . . . ...
Ellingham diagram for several metal oxides based on their Gibbs free energy
as a function of temperature [21] .. ... ... ... .. L.
Wagner’s model of high-temperature oxidation [21]. . .. ... ... ... ....
Schematic of detrimental effect of RE during high-temperature oxidation. RE
ions diffuse outwards from the underlying alloy via oxide scale grain bound-
aries and become enriched at the gas—scale interface (surface) [49]. .. ... ..
Weight gain plot of Fe — 24 Cr alloys containing reactive element additions such
as Ce, Y, Zr and La during oxidation at 800 °C in air (Ar-03) [29] . .. ... ..
Schematic representation of various signals generated during the interaction
of specimen with the incident electronbeam. . . . . ... ..... ... . ... ..

Schematic representation of various imaging modes in TEM. a) Bright-Field

TEM, b) Dark-Field TEM, c) Bright-Field STEM and d) Dark-Field STEM. [74].

An example of EDS area analysis of the thermally grown chromia scale on
ferriticsteel. . . . ... ...
TEM micrographs of thermally grown Cr,05 scales on Ni— 25 Cr at 1050 °C for
4 hours in (a) Ar - 20 %0, and (b) Ar—4 %H, - 2 %H;,0 atmospheres [54]. . . .
Schematics of specimen, local electrode and position sensitive detector in the
analysis chamber of an APT instrument. . . . .. ...................

Site specific sample preparation for APT measurement using FIB [89].. . . . ..

22

xiii



List of Figures

2.12

4.1

4.2

4.3

44

4.5

4.6

4.7

4.8

4.9

4.10

Correlative APT-TEM approach for a thermally grown alumina scale (a) bright-
field STEM image of an APT specimen and corresponding EDS mapping for Ti,
Y and Ga including APT atom maps and (b) elemental concentration profiles

from the grain boundary [94]. . . ... ... ... .. ... 29

Thermogravimetric test results acquired during isothermal oxidation of Alloy—

NT at 800 °C in different gas compositions for 72 hours of exposure: (a) mass
change as a function of the exposure time and (b) instantaneous apparent parabolic
rate constant (k;,) as a function of the exposure time. . . . . ... ......... 37

Room temperature XRD patterns acquired after isothermal oxidation of Alloy-

NT exposed to different gas compositions at 800 °C for 72 hours. . . . . . . . .. 39
Raman spectra acquired after isothermal oxidation of Alloy—NT in different gas
compositions at 800 °C for 72 hours. . ... ....... .. .. ... .. 40
GD-OES depth profiling of various elements for the Alloy-NT exposed in
Ar-20%0; at 800 °C for 72 hours of exposure. . . . . ... ............. 41
GD-OES depth profiling of various elements for the Alloy-NT exposed in
Ar-4%H;-4%H,0at 800°Cfor72hours. . . . . ...... ... ... ...... 42
GD-OES depth profiling of various elements for the Alloy-NT exposed in
Ar-1%C0O-1%C0O5 at 800 °C for 72 hours. . . .. .. .. ... .. .. ...... 42

Surface morphologies of the Alloy-NT exposed at 800 °C for 72 hours in (a,

d) Ar—20%0;, (b, €) Ar—4%H, -4 %H,0 and (c, f) Ar—1%CO -1 %CO,. The
figure also shows globular type oxide in case of Ar—20%O; (high pO,) and
plate-like morphology in case of Ar — 4 %H; — 4 %H;0 and Ar - 1 %CO - 1 %CO,

(low pOggases). . . . ... oo 44
Cross sectional SEM images of the Alloy-NT exposed at 800 °C for 72 hours.

(a, d) Ar—20%0s;, (b, ) Ar—4%H; -4 %H,0 and (c, f) Ar-1%CO-1%CO,. . 45
Bright-field STEM images of oxide layers formed on the surface of Alloy-NT at

800 °C after 72 hours of exposure in (a) Ar—20 %O, (b) Ar-4%H; -4 %H,;0

and () Ar—=1%CO-1%CO0;. . . . . . oo 46
Bright-field STEM micrographs shown for chromia grain size comparison formed

on Alloy-NT at 800 °C oxidized in three different gas compositions for 72 hours. 48

xiv



List of Figures

4.11

4.12

4.13

4.14

4.15

4.16

5.1

5.2

53

54

APT analysis of chromia scale formed on the Alloy-NT exposed to Ar —20 %0,
at 800 °C for 72 hours. (a) Atom maps of chromia showing the elemental seg-
regation to grain boundaries (Ti, Nb and Mn) and solubility in grains (Ti, Mn
and Fe are not uniformly distributed), (b) and (c) are the elemental concentra-
tion profiles for major and minor elements, respectively, across a random grain
boundary marked with an arrowin(a). . . . ... ... ... ... ... ... ... 49
(a) Atom maps from APT for a grain interior decorated with Nb and Mn iso-
surfaces. (b) Typical concentration profiles across a grain interior. (c) Proxi-
grams for the Mn-rich nano precipitates showing the substoichiometry of the
inner spinelnuclei. . . ... ... 51
Atom maps from APT for the chromia formed on Alloy-NT after isothermal
oxidation at 800 °C in Ar—-H,-H,Ofor72h. . . . ... ... ... ... ... ... 52
(a) Concentration profiles across a random grain boundary from Figure 4.13,
and (b) Proxigrams across the interfaces encompassing Si-rich regions in the
chromiascale. . . ... ... ... ... ... 53
Atom maps from APT of chromia scale formed on Alloy-NT after isothermal
oxidation at 800 °C in Ar—CO-COy for 72hours. . . . ... ............ 54
Schematic illustrating that the oxide scale composition and microstructure of
Alloy-NT. Nb** segregation to the chromia scale GBs increases local concen-
tration of Cr vacancies (V{!) leading to enhanced transport of Cr and Mn, and

consequently higher weight gain in low pOy gases. . . . ... ........... 55

Thermogravimetric test results acquired during isothermal oxidation of four
different alloys at 800 °C in Ar -4 %H; — 4 %H,0: (a) mass change as a function
of the exposure time and (b) instantaneous apparent parabolic rate constant
kp(t) as a function of the exposure time. . . . . . ........... .. ... ... 60
Glow Discharge—Optical Emission Spectroscopy (GD-OES) depth profiling of
different alloys oxidized at 800 °C for 72 hours in Ar-4%H; -4 %H,0. (a)
Alloy-NTS (Crofer 22 H), (b) Alloy-NT (KCL), (c) Alloy-T (Crofer 22 APU)
and (d) Alloy-N(KCD). . . . ... e 61
Surface morphologies (left column) and cross sectional (right column) SEM mi-
crographs of the alloys exposed for 72 h at 800 °C in Ar -4 %H; -4 %H,0: (a)
and (e) Alloy-NTS, (b) and (f) Alloy-NT, (c) and (g) Alloy-T, (d) and (h) Alloy-N. 63
Bright-field TEM images of (a) Alloy-N and (b) base Alloy-NTS oxidized for
72 h at 800 °C in Ar-4%H; -4 %H;0 and (c) corresponding EDS elemental
maps for Alloy-NTS. . . . .. .. 64

XV



List of Figures

5.5

5.6

5.7

5.8

5.9

5.10

5.11

APT analysis of the Cr;03 scale thermally grown on Alloy-NTS (base alloy)
during oxidation at 800 °C in Ar -4 %H; — 4 %H,0: (a) atom maps of Ti, Mn, Si
and Nb; (b) elemental concentration profiles across GBs in the chromia scale;
(c) proximity histograms across an interface between chromia and inner spinel
grains. The inset shows a magnified view at the same interface to highlight
minor impurities. . . . .. ...
APT analysis of the oxide—alloy interface region in Alloy-NTS (base alloy) af-
ter oxidation at 800 °C in Ar -4 %H; -4 %H;0: (a) combined atom maps for
the chromia-alloy interfacial region; (b) 15 at. % Si iso—concentration surface
delineating the net-like SiO; layer forming at the metal-oxide scale interface;
(c) proximity histograms across the interface for major and minor alloying el-
ements. . . ...
APT atom maps for the inner chromia scale formed on Alloy-NT after isother-
mal oxidation at 800 °C in Ar-4%H;-4%H,0 for 72hours. . . ... ......
APT analysis of a GB region in chromia scale formed on Alloy-NT oxidized
isothermally at 800 °C in Ar -4 %H; -4 %H,0 for 72 h. (a) Atom maps of im-
purities present in the GB region showing dissimilar segregation behavior. (b)
Elemental concentration profiles acrossthe GBs.. . .. ... ............
APT analysis of the oxide/alloy interface region in Alloy-NT after isothermal
oxidation at 800 °C in Ar -4 %H; — 4 %H,0 for 72 hours. (a) A combined atom
map for major elements from the regions near the interface between oxide
and alloy. (b) Magnified interfacial region from (a) with atom maps for Nb,
Ti and Si. (c) Concentration profile of Mn across the GB in the oxide scale. (d),
(e) Proximity histograms across the oxide/alloy interface for major alloying
elements and Si, respectively. . . . . . ... L o
APT analysis of the chromia scale on Alloy-T (without Nb and Si) oxidized
isothermally at 800 °C in Ar -4 %H; -4 %H0 for 72 hours. (a) Atom maps
of alloying elements present in Cr,O3 and (b) concentration profiles across a
grain boundary for primary segregants (TiandMn).. . . . . .. ... ... . ...
APT analysis of the chromia—-alloy interface region in Alloy-T (without Nb
and Si) after 72 h oxidation at 800 °C in Ar-4%H; -4 %H;0: (a) a combined
atom map and (b) proximity histograms across the chromia-alloy interface. A

magnified inset highlights Ti segregation at the interface. . ... .... ... ..

66

69

71

73

xvi



List of Figures

5.12

5.13

6.1

6.2

6.3

6.4

6.5

6.6

APT analysis of chromia scale on Alloy—-N (without Ti and Si) oxidized isother-
mally at 800 °C in Ar -4 %H; -4 %H0 for 72 h. (a) Atom maps of alloying
elements present in Cr;O3 (Nb and Mn) and (b) concentration profile of grain
boundary segregants (Nb and Mn) for the CryO3 phase. . . . .. ... ... . ... 74
APT analysis of the oxide-alloy interfacial region in Alloy-N (without Ti and
Si) after 72 h oxidation at 800 °C in Ar — 4 %H; — 4 %H,O0: (a) atom maps demon-
strating formation of a (Nb,Cr)O; layer next to the alloy; (b) proximity his-

tograms across the metal-oxide interface showing weak Si segregation. . ... 74

SEM micrographs of the cross sectional samples from different alloys oxidized
at 800 °C for 72 hours in Ar-4 %H; -4 %H;0. (a) Alloy-NTS (Crofer 22 H),
(b) Alloy-NT (KCL), (c) Alloy-T (Crofer 22 APU) and (d) Alloy-N (KCD). All
images are shown at same magnification. The alloys’ names given in the paren-
thesis refer to their designations in commercial use or in the lab as well as in
our earlier publications. . . . . . ... ... 83
Bright-field TEM images of Alloy-NT oxidized at 800 °C for 72 hours in
Ar-4%H; -4 %H,0. (a) Low magnification and (b) corresponding high mag-
nification image showing metal-oxide interface and the internal oxidation zone. 84
APT analysis of an inner Ti-rich oxide particle (Region 1 in Figure 6.2b) in
Alloy-NT after isothermal oxidation at 800 °C in Ar -4 %H; -4 %H,0 for 72
hours. (a) Alloy/oxide particle interface with atom maps of major (Fe, Cr, Nb,
Ti) and minor (Si, Mn, Al, B and C) alloying elements. (b) Mass spectrum show-
ing the presence of impurities, such as B and C at the alloy/oxide particle in-
terface. (c) Proximity histogram built across the alloy/oxide particle interface
for major alloying elements and (d) for minor alloying elements. . . . . ... .. 85
Concentration profiles from APT measurement for (a) alloy grain boundary
and (b) oxide particle grain boundary. . ... ...... ... ... ... . ... 86
APT atom maps of subsurface layer containing small oxide precipitates (Re-
gion 2 in Figure 6.2b). Proxigram for the matrix and inner oxide precipitates
interface for (a) primary elements and (b) minor elements. . . . . ... ... ... 87
A small sub—volume of the Nb-rich nanoclusters as shown in Figure 6.5(a) and
(b) Atom maps of oxygen and niobium respectively and (c) proximity histogram
profiles for Fe, Cr, Nb and O. The inset figure highlights the Nb-rich oxide most
likely of NbOj stoichiometry (as oxygen deficiency is an inherent artifact of APT). 88

xvii



List of Tables

3.1

4.1

4.2

4.3

5.1

5.2

53

xviii

Chemical composition of the investigated alloys as determined by ICP-OES (in
at. %). Alloys designations contain N for Niobium, T for Titanium and S for

Silicon additions. . . . . . . . . . ... e

The partial pressures of oxygen calculated using FACTSAGE for different gas
compositions used in the current research work. . . . . .. ... ... .. L.

Thickness (in pm) of different oxide scales formed after 72 hours of oxidation at

APT bulk composition of chromia scales formed in different gas atmospheres
relevant to SOFC/SOEC. . . . . . ... .. ... ... ..

Thickness (in pm) of the various subscales in the surface oxide formed on the
studied alloys. . . . . . ...
APT bulk composition of chromia scales formed in different gas atmospheres
relevant to SOFC/SOEC. . . . . . ... .. ... ... ...
Gibbsian interfacial excess values G; for grain boundary segregation in the chro-

miascale. . . . ...

31



List of Abbreviations

2D
3D

APT
EDS
EELS
FIB

FIM

FZ]

GB
GD-OES
HAADF
ICP-OES
ICP-MS
MS

SEM
SOEC
SOFC
STEM
TEM

TJ

TG

XRD
ZEA-3

Two-dimensions

Three-dimensions

Atom Probe Tomography

Energy Dispersive Spectroscopy

Electron Energy Loss Spectroscopy

Focused Ion Beam

Field Ion Microscopy

Forschungszentrum Jiilich

Grain Boundary

Glow Discharge-Optical Emission Spectroscopy
High Angle Annular Dark Field

Inductively Coupled Plasma Optical Emission Spectroscopy
Inductively Coupled Plasma Mass spectroscopy
Mass Spectrum/Mass spectroscopy

Scanning Electron Microscopy

Solid Oxide Electrolyzer Cell

Solid Oxide Fuel Cell

Scanning Transmission Electron Microscopy
Transmission Electron Microscopy

Triple Junction

Thermogravimetric

X-ray Diffraction

Zentralinstitut fiir Engineering, Electrical und Analytik

Xix






Introduction

The sources of renewable energy and their share in electricity generation have increased con-
tinuously, largely driven by politics, industries and environmental issues [1]. In the renewable
energy market, wind and solar power have a majority share as they are abundant and do not
emit greenhouse gases. For example, just in the European Union, these renewable energies
would account for about 20% of the gross final energy consumption by 2020 and 60% by 2050
[2]. However, local meteorological conditions make these renewable sources highly sporadic,
ie. they are highly fluctuating on many different time scales [3, 4]. Controlling and sup-
pressing these energy fluctuations is the key for the adaptability of technologies such as wind
turbines, photovoltaic and solar thermal power systems in the electric grid system. Therefore,
one of the most significant challenges for continuous energy production in the future relies on
stable renewable energies. Power—to-X (P2X) is one such renewable energy conversion and
storage concepts by which the fluctuations in renewable energy can be suppressed. In the P2X
concept (X can be chemicals, fuel, hydrogen, food, methane, mobility etc.) surplus electricity
from renewable sources such as wind and/or solar is utilized by converting it into more usable
form. Among others, this can be done in conjunction with industrial wastes such as CO; by a
process called co—electrolysis, using an electrochemical device — solid oxide electrolyzer cell
(SOEC). Compared to the currently existing conventional energy storage devices like capaci-
tors and batteries, power—to-gas (P2G) has the highest energy storage capacity with respect

to the storage duration as can be seen in Figure 1.1.

Our interest in SOEC is not only due to their significantly higher power density, but also
because they do not require expensive noble metals, have low exhaust emissions as they can
convert greenhouse gases like CO; into CO at high operating temperature of 700-900 °C. The
high operating temperatures of SOECs are also very advantageous from water management
point of view, in comparison with the proton-exchange membrane fuel cell (PEM/PEMFC), as

in SOECs the water produced is in vapor phase and thus the conductivity and resistance in the
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cell remain unaffected by the presence of water. Alternatively, the water vapor can be used
for co—generation or combined cycle operations. All these factors combined with the fact that
there are no mechanical rotating or moving parts, makes SOECs very attractive in comparison
to the other fuel cells. However, the high operating temperatures of SOECs are accompanied
by their own set of problems, mainly, accelerated degradation of the cell components. Hence
there is a significant room for improvement in the performance of these devices to make them

more competitive.
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Figure 1.1: Schematic representation of energy storage by various devices as a function of time [5]

1.1 Solid Oxide Cell (SOC) and its components

Solid Oxide Cell (SOC) is an electrochemical device which can operate in both fuel producing
and power producing modes, ideally at 800 °C [6]. The fuel producing mode is called solid
oxide electrolyzer cell (SOEC), which converts electrical energy into chemical fuel whereas
the power producing mode is called solid oxide fuel cell (SOFC) (Figure 1.2) which converts
chemical energy into electrical energy, i.e. reverse operation of SOEC. These SOCs consist of
an anode and a cathode, which are separated by a ceramic electrolyte. The anode—electrolyte—
cathode assembly is commonly called as a cell. The voltage produced by a single cell during

operation is approximately in the range of 0.6—-0.8 V [7], which is quite low (for example, the
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voltage required for a mobile phone is typically 5 V). So, the voltage produced by a single cell
is of no practical use. Therefore, SOC must consist of multiple cells connected either in series
to provide the required voltage or in parallel to produce the required current for a reasonable
purpose. For this, a component called interconnect is used which integrates the individual cells
to form a stack [8]. As a result, the overall voltage is increased and becomes technically useful
for practical applications. In these cells, fuel is supplied in the fuel chamber and air is supplied
in the air chamber. The component exposed to fuel side undergoes reduction whereas on air
side it undergoes oxidation reactions [6]. Here a brief overview of the various components of a
SOFC and the material requirements is provided to set the scientific background and introduce

the main concepts pertinent to this work.

1.2 Materials for SOC

All the components of SOC devices are in solid state and are primarily made of either alloy,
ceramics and/or cermets (ceramic + metal composites). The materials of all the SOC compo-
nents must also be physically, chemically and thermally compatible with the other components

in the device, especially when exposed to the high temperatures.

1.2.1 Anode

The material used as anode requires not only high electronic and ionic conductivities, but
must also be stable in the oxidizing environment. Metals are mostly preferred as anode materi-
als as they catalyze the anode reaction, especially Ni, owing to its abundance and affordability
[6]. However, due to its high coefficient of thermal expansion (CTE), it is not directly used;
instead it is used to make composites of Ni-YSZ (yttria stabilized zirconia). Addition of YSZ
serves dual purpose; providing superior ionic conductivity and enhancing anode—-electrolyte
attachment. Currently, porous Ni-YSZ cermet is commonly used as anode material for SOC
devices because it is a good current collector and acts as catalyst for oxidation reactions [9,
10].

1.2.2 Cathode

The most important reaction in case of SOFC operation is the reduction of oxygen at the
cathode and subsequent transport of oxygen ions to the anode through the electrolyte. The
materials used as cathode must be porous so that oxygen molecules are permeated easily to
reach the solid electrolyte [6, 7], have high ionic and electronic conductivities and have high

catalytic activity for oxygen reduction reaction. Nowadays, the most commonly used material
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for cathode is lanthanum manganite (LaMnOs), a perovskite structure (ABOs) based p-type
ionic compound [11, 12]. This material is typically doped with rare earth elements like Sr, Ce
and Pr in order to enhance the electrochemical properties like the ionic conductivity. Most
frequently it is doped with Sr as Laj _,Sr,MnOs (LSM) and this increases the ionic conduc-
tivity by 10-100 times as compared to the undoped perovskite LaMnO3 whose conductivity
is 10 S/cm (at 700 °C). The CTE values of the cathode should be close to that of electrolyte
material in order to avoid thermal stresses [13] and LSM is a good candidate from that point

of view as well.

Perovskite materials with high oxygen permeability and high electro—catalytic activity are
a group of materials based on Fe and Co, for example (La, Sr)(Co, Fe)O3 (LSCF) [14]. However,
these materials have to be selected carefully for use as an electrolyte material since they have
notably higher CTE as compared to the commonly used 8 mol % yttria—stabilized zirconia
(8YSZ).

1.2.3 Electrolyte

Once the molecular oxygen (O3) is converted to oxygen ions (O?~), it must migrate through
the electrolyte to the fuel side (anode side in SOFC or cathode side in SOEC) of the SOC [14]
to combine with the H* ions to produce water vapor. In order for the migration of O®~ ions
to happen, the electrolyte must have high ionic conductivity and no electronic conductivity.
Also, it should be fully dense to avoid escape of reacting gases and be as thin as possible to
minimize resistive losses in the cell [13]. The ideal electrolyte for SOCs can be stable, 0%*-
or H* conducting ceramics. There are numerous potential ceramic materials which can be
used: for example, YSZ, doped bismuth oxide and doped cerium oxide [7] etc. Among all
these materials, YSZ has emerged as a highly suitable electrolyte, due to its thermally stable
structure, high ionic conductivity resulting from the high levels of metal oxide doping (which

facilitates O?~ vacancy formation).

1.2.4 Interconnects

Interconnect is one of the main components of SOC devices which provides electrical con-
nection between two cells and grouping of single cells together to form a stack [15]. It acts
as a physical barrier to protect the anode and cathode materials from being deteriorated in
oxidizing and reducing atmospheres, respectively (Figure 1.2). It also provides mechanical
support and stability to the stack. Additionally, it gives major thermal conduction path for

heat distribution in the fuel cell stack. Thus interconnect performance is of vital importance
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to the overall SOC performance and the key requirements for an interconnect material are

summarized below [15]:

1. high electrical conductivity,

2. high thermal conductivity to reach a uniform heat distribution in the stack,

3. low mismatch of thermal expansion coefficient (CTE) with regard to the other compo-
nents,

4. high density to avoid the mixing of fuel and air gases,

5. good mechanical strength and

6. very good corrosion resistance.

Figure 1.2: Schematic of an SOFC stack showing different components and relevant gas atmo-
spheres (air and fuel).

High operating temperatures make ferritic stainless steels the most potential candidates
for the interconnect material as their CTE is quite compatible with the other ceramic mate-
rials of different components of the cell. The Institute for Energy and Climate Research, Mi-
crostructure and Properties of Materials (IEK-2) at Forschungszentrum Jiilich jointly with the
industry partner, ThyssenKrupp VDM (now VDM Metals) had developed high-Cr (22 wt. %)
ferritic stainless steels as an interconnect material for high temperature SOFC applications
[16, 17]. This collaboration produced a new interconnect steel, now commercially available as
Crofer® 22 H [18]. As SOFCs operate in the range of 700-800 °C, the oxides formed during
high temperature exposure must be electrically conducting. In Crofer 22 H typical deoxidizers
(added to molten steel) like Al and/or Si were brought to minimum levels so that the formation
of electrically insulating oxide layers (alumina or silica) can be avoided on the alloy surface

[19]. Relatively small amounts of W and Nb were added to improve the creep strength as they
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tend to form intermetallic precipitates, called Laves phase [17] of composition (Fe, Cr);(Nb,W)
well distributed in the ferrite matrix of Crofer 22 H.

However, it must be highlighted that understanding the oxidation behavior of intercon-
nect materials under actual operating conditions remains insufficient. This prevents efficient
compositional tailoring for further improvement of the alloy properties, particularly its high
temperature oxidation resistance. The key aspect here is understanding the role of different
SOC-relevant atmospheres on one hand and of the alloy constituents on the high temperature

oxidation mechanisms on the other hand.




Scientific Background

The objective of this chapter is to give a summary on the theory of oxidation of metals and
alloys in general as well as fundamentals of high temperature oxidation process from the view-

point of thermodynamics and kinetics.

The review continues with an in—depth inspection of different high—Cr ferritic steels and
their oxidation behavior relevant to SOEC/SOFC interconnects applications and the gaps in

the literature on these materials are highlighted.

In the third part, special importance has been given to characterization techniques suitable
for studying thermally grown oxides such as XRD, SEM, GD-OES and TEM. The usefulness
of these techniques as well as their drawbacks are discussed. Further, the importance of high
resolution and high sensitivity techniques like an atom probe is reviewed, including the earlier

attempts to characterize thermally grown oxides.

2.1 An overview of metal oxidation theory

A reaction between a metal (M) and an oxygen gas molecule (O;) to from an oxide (M,O,)

can be written as:

M + % (02) = M,0, 2.1)

The above metal oxidation reaction may seem to be the simplest, yet it depends on a variety
of factors and the associated mechanisms are often complex. Several simplifications were made
to understand the high temperature oxidation process [20] as shown in Figure 2.1. The key

stages of metal-oxygen reaction at high temperatures are:
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1. The prime and initial step in metal-oxygen reaction requires adsorption of molecular
oxygen on the clean metal surface.
2. As the reaction continues, molecular oxygen dissociates into oxygen atoms which may

dissolve in the metal, leading to formation of oxide nuclei on the metal surface.
0,
© ‘L @©
O O O O Adsorption

metal

I I — Oxide nucleation + growth

I:l Oxide layer formation (polycrystalline)

Cavities
‘( Porosity

Microcracks
/ Macrocracks
Oxide evaporation

Figure 2.1: Schematic showing various stages of metal-oxygen reactions during high temperature
exposure [20].

3. The metal is separated from the gas atmosphere when the oxide is continuous and thick
enough on its surface. Further reaction (oxide growth) can occur mainly via solid state
diffusion of the reacting species (metal and/or oxygen) across the thick oxide layer. For
thick oxides grown at high temperatures, the driving force for oxide growth is the chem-
ical potential gradient created across the oxide layer.

4. Certain metals which may form porous oxides are not grown via solid state diffusion,
instead, the surface reaction mechanism is the prevailing one. At elevated temperatures
such oxides can become either liquids or volatile, making the oxide layer less protective
(e.g. Mo and W based oxides).
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5. The reaction mechanism for a particular metal-oxygen system is a function of the tem-
perature, gas composition, oxygen partial pressure, exposure time, surface state and

microstructure of the metal.

One of the fundamental yet important questions in corrosion science is whether or not a
chemical reaction between a metal and its surrounding atmosphere can occur. This can be

addressed by considering the thermodynamics of high temperature oxidation.

2.2 Thermodynamics of high temperature oxidation

From the laws of thermodynamics, the tendency for the reaction shown in Equation (2.1)
to proceed either in forward (oxidation) or backward (reduction) reaction can be retrieved. If
temperature and pressure are constant, the stability of a reaction is determined based on its
Gibbs free energy (AG) [21], which is a measure of thermodynamic driving force and is shown
here:

AG = AH-TAS (2.2)

where AH is the change in enthalpy, AS is the change in entropy and T is the temperature.

Gibbs free energy tells whether a reaction is spontaneous, non-spontaneous or if equilib-

rium is established, as shown below.

(i) AG <0 = forward reaction is spontaneous. Oxidation of metal is more probable.
(i) AG >0 == backward reaction is spontaneous. Reduction of metal oxide is expected.

(iif) AG =0 = equilibrium between forward and backward reaction is anticipated.

In case of metal oxidation (case (i) above), following the law of mass action, the change in

Gibbs free energy for the reaction in Equation (2.1) becomes:

aM,0y
x 3
Iy0,

AG =AG°+RT In (2.3)

where, AG® is the Gibbs free energy at its standard state, R is the universal gas constant, T is
the temperature and a4 is the activity of each component. For pure solids, i.e., both metals and
oxides, the activity (a) can be set equal to unity. At high temperatures and moderate pressures,
gases can be approximated by the ideal gas law and their activities can be expressed in terms

of their partial pressures (p). Therefore, the terms a M0, and ), become equal to 1, whereas
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ao, becomes pO,. Then the above reaction (Equation (2.3)) can then be simply written as:

AG = AG® ~ZRT In po,) (2.4)

When the system is in equilibrium (i.e. when AG = 0), the above equation can be rearranged

as:

; AG°
diss _
Po, =exp (yRT) (2.5)
diss

where, po, is known as dissociation pressure of the oxide which is in equilibrium with the
metal. This is also the minimum oxygen partial pressure necessary for a metal to form its

thermodynamically stable oxide.

The value of dissociation pressure for a particular oxide can be retrieved from the Ellingham
diagram (Figure 2.2), which is a plot of the standard Gibbs free energy (AG®°) for an oxide as
a function of temperature (T) at standard state (po, =1 atm). This plot aids in understanding
the stability of oxides at any given condition. The AG® is more negative towards the bottom
of the diagram and the lower the oxide line is located, the more stable the oxide is. The point
where a straight line drawn from index point O in Figure 2.2, i.e. from (AG°,T) = (0,0),
intersects any particular oxide line at a particular temperature gives the dissociation oxygen
partial pressure (pdoiss) for that oxide at that temperature. It can be seen from Figure 2.2 that the
lower the free energy of an oxide, the lower is its dissociation pressure and hence, the oxide is
thermodynamically more stable. Conversely, with the increase in temperature, the Gibbs free
energy also increases (towards the top of the Ellingham diagram), indicating that the oxides
become thermodynamically less stable. For instance, Ni oxidation to NiO at 800 °C requires
minimum oxygen partial pressure of ~ 1014 atm, whereas at the same temperature the oxides
of Cr and Al (Cr;05 and Al,Os, respectively) require dissociation pressures of ~ 10726 atm and

~ 107%2 atm respectively, indicating that it is thermodynamically relatively difficult to resist

diss
Oz
attained from this figure are for unit metal activity i.e. for pure solids. In the case of alloys,

the formation of Cr— and Al- oxides. One should, however, remember that the p%°° values
the solute species which undergo oxidation would always have the activity lower than unity,

i.e. higher oxide dissociation partial pressure.

It is also evident from the Figure 2.2 that oxides of Fe, Ni, and Co, which are the base metals
for majority of the engineering alloys, are considerably less stable than the oxides of solutes

such as Cr, Al and Si. When one or more of these solute elements are added to Fe, Ni, or Co,

10



2.2 Thermodynamics of high temperature oxidation

internal oxidation of the solutes is more likely to occur, provided the concentrations are rela-
tively low. If the solute concentrations in such alloys increase to a significantly high level, the
oxidation mechanism shifts from internal to external scale formation. This process is known
as selective oxidation. Most of the Fe, Ni and Co based alloys depend on selective oxidation
of chromium to form Cr,Oj3 layer for good oxidation resistance. This is the primary reason
why stainless steels are called stainless due to the high content of Cr that leads to protective
Cr;05 layer formation on the alloy surface. Al is intentionally added to certain alloys to grow
Al, O3 scale for better oxidation resistance at slightly higher temperatures as compared to Cr

addition.
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Figure 2.2: Ellingham diagram for several metal oxides based on their Gibbs free energy as a func-
tion of temperature [21]
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2.3 Kinetics of high-temperature oxidation

Thermodynamics provides information on the feasibility of a reaction but kinetics of a reac-
tion is also important to consider as it provides valuable information about the rate of oxidation
(speed at which corrosion takes place) of a metal or an alloy. Two primary stages associated in
the oxidation process are nucleation and growth. Nucleation of oxide is the very early stage
of oxidation, which is also referred to as transient oxidation. In the latter stages, the growth
of oxide results in a continuous and thick scale development on the metal surface as shown
in Figure 2.1 and the mechanism by which the reactants move through the oxide layer is very

important to understand.

Metal (M) | Oxide (MQ) Gas (0,)
cations
anions
electrons
holes
au=1 T, A Po,
/’/4 B, o .
p’oz " . . aM
r AG;,,O X " 1 AG.l‘;rll:)
(pOZ)M/MO = exp\~r ay=——3exp|\ o
" \2
02)
M = M2+ 4 2e M2+ + 2e" + %4 02 = MO
or or
M + 0% = MO +2e 1% 0% +2¢ = 0%

Overall reaction: M + %02 =MO; AGyo

Figure 2.3: Wagner’s model of high-temperature oxidation [21].

A simplified model of mass transport process across an oxide scale formed during high
temperature exposure is schematically shown in the Figure 2.3. The metal at the metal-oxide
interface undergoes oxidation by producing metal cations and electrons, which diffuse through
the oxide scale and reaches the gas—oxide interface, resulting in oxide scale formation. This
mechanism is known as outward growth of oxide scale. Alternatively, the oxygen molecules

at the gas—oxide interface undergo reduction by forming oxygen anions and electron-holes

12
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which diffuse through the oxide scale and react with the metal at metal-oxide interface. This

mechanism is known as inward growth of oxide scale.

Wagner’s theory of oxidation [22, 23] postulated that growth of oxide scale takes place via
mass (cations and anions) transport and is governed by the parabolic rate law. The theory
proposed by Wagner was based on several assumptions: the oxide is compact and maintains
good adherence to the metal substrate and the local thermodynamic equilibrium is attained
both at the scale—gas interface and metal-oxide interface when a certain thickness of the oxide
scale was developed. As the scale thickness x increases with the time £, the diffusion distance

also increases and the rate of oxidation decreases, thus resulting in parabolic kinetics.

The parabolic rate law relevant to oxide growth can be written as [20]:

dx k
a@ _r (2.6)
dt  x

where x indicates the oxide scale thickness (um), k;, is the parabolic rate constant cm?s~ ! and

t is the oxidation time.

By integrating the above equation Equation (2.6) and assuming x = 0 at ¢ = 0 the standard

form of parabolic rate law is obtained;

x% = 2kpt (2.7)

Most of the times, either the oxide scale is not uniform or, especially at early stages, the
thickness is not measurable without using high resolution techniques. Therefore, the oxide
scale growth is commonly and widely represented by measuring the specific weight change
(weight change per unit surface area). The corresponding parabolic rate law can be expressed
as following [24]:

(Am 2

7) = Dkt (2.8)

where Am is the mass gain, A is the surface area of the sample and k;, the instantaneous

parabolic rate constant.
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For a simple oxide of MOy type, the relationship between kj, and ky, is as shown below

[20]:
2
y'WO'PMxO)
kp=|——2) -k 2.9
w ( Vano, P (2.9)

where W is molar weight of oxygen, pp1,0, is density of MO, and Vi, 0, is molar volume
of the oxide.

As explained above, the oxidation kinetics, including the parabolic rate constant, can be
experimentally determined based on the weight gain attained by a sample during high tem-
perature oxidation. However, for deeper understanding regarding the mass transport across
the oxide scales, just the determination of rate constant is insufficient. Understanding the ox-
ide structure, including pathways responsible for mass transport, is one of the key aspects to

identify the responsible mechanisms of high temperature oxidation, as discussed next.

2.4 Development of high—Cr ferritic steels for SOC
interconnects

As introduced earlier, ferritic steels are the ideal candidates for interconnect materials to be
used at high temperature conditions by virtue of their stability, affordability as well as com-
patible values of coefficient of thermal expansion (CTE). The formation of an oxide layer as
the reaction product, which acts as a protective coating between the steel and the atmosphere,
is critical in making these ferritic steels employable and durable for the harsh service envi-
ronments. From the stand point of protectiveness of the oxide scales, high temperature steels
are generally categorized as CryO3 or Al;O3 forming [24]. Since Cr,O; is a semiconductor
compared to insulating Al;Os3, Cr,O3 forming steels with marginal amount of Al are chosen

as ideal candidate materials for SOFC interconnect applications [25].

In gas compositions with pO; value close to atmospheric pressure and under temperatures
< 1000 °C, evaporation of Cr,Oj3 in the form of CrOs or CrO,(OH), is a severe problem and
is commonly referred to as Cr,O3 poisoning [6]. This effect limits the suitability of these steels
as interconnects [26], as there is a continuous degradation of the oxide layer on the surface.
Therefore, Mn is added to these steels as it can form an additional layer, MnCr,;O4 spinel on
top of the Cr,03, which protects the steels from being poisoned. However, Cr content is still
maintained at high levels (usually > 20 wt. %) in order to provide the Cr reservoir for the
formation of Cr,03 [27] as well as MnCr,04 (MnO+Cr;03). Therefore, high-Cr ferritic steels

14
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of the Fe-Cr-Mn base are currently used as construction materials for SOFC interconnects
[26].

One major drawback of these steels is their poor mechanical strength at the high operating
temperatures of SOFC (ideally at 800 °C [27, 28]. To overcome this, refractory elements such
as Nb and W are added to high—Cr ferritic steels for two purposes: firstly, they improve the
mechanical strength at elevated temperatures and secondly, CTE of the interconnect becomes
compatible with that of the other ceramic components in the SOFC [27]. The electrical conduc-
tivity of the surface oxide scales remains almost the same as that for the Nb/W-free alloys [29].
It was also found that W addition had no effect on the oxidation behavior in the temperature
range 800-900 °C, whereas Nb addition has a detrimental effect by lowering the oxidation re-
sistance [27]. However, the oxidation mechanisms pertinent to effect of Nb addition are poorly

understood so far [30].

The adverse effect of Nb—addition on the oxidation resistance is alleviated by intentionally
adding Si (though it is also a technological impurity) [31]. Si binds Nb in the steel and promotes
Laves phase formation, resulting in better mechanical strength at high temperatures. Though
this is the desired objective, Si tends to form an oxide layer at the metal-oxide interface which
make the ferritic steel nonviable for interconnect applications due to the electrically insulating
nature of the silicon oxide [32]. Therefore, the amount of Si addition in the steel is very critical

and must be carefully chosen.

The combined additions of Nb, W and Si result in an alloy with better oxidation resistance,
CTE comparable to the other ceramic components in the SOFC device and good mechanical
strength at high temperatures [27]. Additionally, Ti is also added for obtaining fine internal
oxide precipitates of titania in the metal matrix at the vicinity of metal-oxide interface, which
results in sub—surface strengthening [33]. This diminishes the tendency for surface wrinkling,
which is caused due to thermal cycling [19]. However, the effect of Ti on external oxide scale

formation is yet poorly understood.

In addition to the role of individual elements, like Nb, W, Si, Ti discussed above, the interplay
effect (i.e. the effect of one element on the other) on high temperature oxidation is so far poorly
understood. Yet this is very crucial for understanding the oxidation behavior as well as for the
optimization of alloy composition. In this work systematic studies are performed to investigate

the individual effect as well as the complex interplay between the individual alloying elements
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on the high temperature oxidation behavior in different model gas compositions pertinent to

SOC interconnect applications.

2.5 Reactive element (RE) effect in high—Cr ferritic steels

So far the importance of addition of various alloying elements and their contributions to-
wards the interconnect stability and performance at the high temperatures through a protec-
tive oxide layer formation have been discussed. However, in spite of all these measures, any
cracks or pores in this protective oxide layer can lead to its failure (oxide scale spallation) and
permit oxygen penetration to the metal surface, leading to rapid oxide growth, which is highly
undesirable from mechanical stability standpoint. One of the routes by which this can be sur-
mounted is by adding reactive elements such as Y, La, Ce, and Hf to the steels which results in
microstructure refinement and defect formation that modify the inclusions, which in turn aid
in promoting strength and toughness of the steels [29]. John Stringer was credited for coining
the term reactive element (RE) effect to replace rare earth effect to better describe the positive

effect of oxygen-active elements on high-temperature oxidation [34].

Addition of the REs can also tackle the detrimental effects of the presence of sulfur, a natu-
rally occurring steel impurity, on the steel properties [35-37]. Most of the steels are susceptible
to stress corrosion cracking caused by sulfur by forming sulfide inclusions either at the grain
boundaries in steel or at the metal-oxide interface during high temperature exposures. RE
addition hinders sulfur segregation at the metal-oxide interface through binding with sulfur
to form RE-sulfide [38], leading to the remarkable effect of enhancing the adherence of oxide
scale to the underlying alloy [39-42].

In the presence of REs, the oxidation rate can dramatically diminish by a factor of 100 [43]
and the amount of RE added to the alloys tremendously influences the oxidation rate. The
inward diffusion of oxygen becomes predominant by the presence of reactive elements in the
alloys [44-46] as REs have relatively higher affinity towards oxygen. The concentration of
reactive elements in the alloy necessary to produce RE effect is typically in the range of 0.1-
0.2 at. %. When added in quantities above a critical value (usually above 1 at. %), the REs tend
to manifest undesirable effects, including a substantial increase in the oxidation rate [47, 48].
This overdoping is possibly due to the presence of oxygen vacancies in the RE oxides, resulting
in increased oxygen diffusion. In case of overdoping, RE ions diffuse rapidly through the oxide
scale via grain boundaries, resulting in lower obstruction for the Cr transport (see Figure 2.4),

thus reducing the effect of RE on slowing oxide growth [49].
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Figure 2.4: Schematic of detrimental effect of RE during high—temperature oxidation. RE ions dif-
fuse outwards from the underlying alloy via oxide scale grain boundaries and become
enriched at the gas—scale interface (surface) [49].

From Figure 2.5 it is evident that RE addition curtails the oxide scale growth as compared to
a no—addition Fe — 24 Cr ferritic steel. Among the REs, La addition seems to be more effective
in hindering the oxide growth as compared to the other elements like Ce, Y and Zr. The prime
reason for Ce, Y and Zr exerting less influence in comparison to La is due to the nearly nil-
solubility of earlier elements in the Fe—matrix, resulting in Fe-rich intermetallic precipitates
like Fe;7Ce; and Feq7Y; (precipitate strengthening). These precipitates form at the alloy GBs
and undergo oxidation when exposed to high temperatures, thus restricting doping into the
chromia scale. On the other hand, La doesn’t form intermetallic precipitates with Fe and at
800 °C, it can dissolve in the BCC a— matrix up to a concentration approximately 0.5wt. %

(solid solution strengthening).

Though RE addition leads to improvements in the oxide adherence and slow oxide growth,
the mechanism for these is still unclear and near—atomic scale information is essential for any
attempts to resolve this. In general, REs are present in trace quantities and hence, the detection
of RE is very difficult within the oxide scale and to accurately identify location of the RE within

the thermally grown (TG) oxide scale, one needs high resolution techniques [50-52].
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Figure 2.5: Weight gain plot of Fe-24Cr alloys containing reactive element additions such as Ce,
Y, Zr and La during oxidation at 800 °C in air (Ar—0,) [29]

So far the alloy chemistry and its modification affecting the oxidation behavior were dis-
cussed. However, different gas compositions on either side of the interconnect, in which it
operates, is another key aspect affecting the overall SOC performance and is discussed in the

following section.

2.6 Effect of gas composition on interconnect oxidation

In SOFC, the interconnect on the cathode side is exposed to air (Ar-O,) and on the anode
side to fuel at operating temperature 800 °C. Most studies regarding metallic interconnect
corrosion have been performed in air (Ar - O;) and in H; or Hy — H;0, since Hj is an established
fuel gas [53]. Earlier studies on high temperature oxidation of chromia formers in Ar-0,
atmosphere showed that the formation of oxide scales was dependent on the partial pressure
of oxygen (pO,) [54, 55]. Decrease in the pO, of such gases (Ar - O;) showed lower oxidation
rate and improved oxide—metal adhesion. However, very different behavior was observed in
low pO, gases like Ar—H;-H,0 (decrease in pO; can be achieved by increasing the ratio
of Hy/H,0). Lowering the pO; in Ar-H; -H,0 gases resulted in higher oxidation rates, and
the Cr;03 grains were much smaller in the low pO, gas (H; —H;0) compared to the high
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pOs (Ar-0;) gases. This is due to the water vapor in low pO; gas getting adsorbed and
dissociated faster at the outer surface compared to O,, which promotes the inward oxygen
anion transport to the oxide-metal interface. Though the increased oxygen grain boundary
diffusion is postulated to be the dominating mechanism, the transport of H, and H,O in the
form of molecules through the chromium oxide could also activate and contribute to the inner

oxide growth.

Sometimes, cheaper alternatives to H; fuel are utilized. Hydrocarbon based fuel (syn-gas)
is one of the choices based on its availability. It consists primarily of H; and CO with sig-
nificant amount of H,O and some levels of CO;. When hydrocarbon-based fuels are used
in SOFC, the reforming gases such as CO - CO; may come in contact with the interconnect
alloys. Therefore, these gases can affect the oxidation mechanism and the stability of oxide
scales. Several ferritic steels were studied individually in each gas composition. For instance,
several authors have studied interconnect oxidation behavior in air atmospheres [56-59]. On
the other hand, in the anode side atmosphere, some authors reported on the high temperature
oxidation of Fe—Cr alloys in Hy —H,O [60, 61]. There are a few high temperature oxidation
studies in CH4 —H;0 [62, 63] but there are very limited studies pertinent to CO-CO;, [43]
gases, particularly on the commercially used high—Cr ferritic steels. There are studies describ-
ing the interconnect oxidation behavior in syn-gas [4-7] but very limited work was performed

for CO-CO; gas atmosphere.

Earlier studies on chromia forming steels in Hy — H,0 showed that water molecules tend to
adsorb on the Cr,05 grain boundaries, altering the transport properties [54]. Similar mecha-
nisms must be responsible for the oxidation behavior in CO - COy, as these gases (low pOy)
provided a faster oxidation rate [64]. The transport properties along the chromia grain bound-
aries can affect the oxide scale kinetics and its microstructure and grain size [53]. As these
gaseous species alter the transport properties across the chromia grain boundaries, this may
also be related to the diffusion and segregation of minor alloying elements along them. There-
fore, this work focuses on the effect of gas compositions on high temperature oxidation of
high-Cr ferritic steels. Specifically, four different commercially available high-Cr ferritic
steels were studied in Ar—0O;, Ar-H;-H;0 and Ar-CO-CO; atmospheres, with special
emphasis on the effect of gas composition on chromia scale growth and the transport proper-

ties.

In addition to external oxide scale formation, these ferritic steels also undergo internal ox-

idation (in the metal matrix) due to the presence of active elements which, even if present in
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minor amounts, are responsible for internal oxidation zone (I0Z) formation. The literature

review of these aspects are discussed in the next section.

2.7 Internal oxidation

Internal oxidation is one of the material degradation processes in which the oxide particles
are formed with the less noble alloying elements [24]. The internal oxidation can occur in any
alloy system, if the amount of active elements in the alloy is below a critical concentration and
at temperatures > 400 °C [65, 66]. Internal oxidation is mainly a diffusion—controlled process
i.e. it obeys parabolic rate law. This process is always controlled by the oxygen diffusion from
the surface through the external oxide [67]. The active elements present in this zone lead to

oxide particles formation, and it is commonly referred to as internal oxidation zone (I0Z).

During internal oxidation, the oxides of alloy solutes can be formed as either fine particles
precipitated within the alloy matrix (grain interior) [24], or as coarse particles preferentially
precipitated at the crystal defects, like alloy grain boundaries [68, 69]. Occasionally, these
oxide precipitates can offer strengthening mechanism in the subsurface regions of an alloy
[70]. However, they can also lead to premature failure in this alloy zone due to crack forma-
tion at the matrix—oxide particles’ interface [68]. Therefore, internal oxidation should be also
considered together with the external scale formation for a complete understanding of the
oxidation behavior. Considering the high—Cr ferritic steel family based on Fe-22Cr-0.5Mn
steels, the active elements in the materials could be one or more of the following; Ti, Nb, Si
and Al. When the concentration of these reactive elements is below a critical concentration,
it can lead to internal oxidation by forming TiO;, NbO,, SiO; and Al,Os particles in the alloy
matrix at the vicinity of metal-oxide interface, which exists up to a certain depth in the alloy,

and the chemical analysis of these internal oxidation products is very important.

So far different aspects affecting the oxidation behavior have been discussed. All these
mechanisms/processes are related to the oxide microstructure during high temperature expo-
sure and associated with the mass transport through the oxide scale. Therefore, it is of key

importance to understand the diffusion pathways responsible for oxide growth mechanisms.

2.8 Diffusion and mass transport in thermally grown oxide

Metals and alloys exposed to high temperatures often show the formation and growth of a
continuous external oxide scale and/or the internal oxidation of the less—noble solutes. Mass

transport through the oxide scale is vital for understanding the growth kinetics for both exter-
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nal scale growth and internal oxidation processes. The shortest transport pathways for ions to
diffuse through the oxide scale are referred to as short—circuit diffusion paths which could be
defects such as dislocations, grain boundaries and triple junctions [71]. Therefore, the overall
oxidation kinetics may be substantially influenced by the presence of these defects, and it is

very essential to study oxide microstructure to understand the oxidation processes [20].

The transport processes along short—circuit diffusion pathways are easier and faster due to
the relatively more open structure compared to the lattice. Local stresses and strains associated
with these defects can be reduced to some extent by the segregation of diffusing constituents.
Segregation of diffusing constituents often affects the diffusion processes [43]. This is well
recorded in the case of grain boundary diffusion [72]. Therefore, grain boundaries play an
important role in the formation of thermally grown (TG) oxides on the alloy surface. The
segregation of minor elements of an alloy to oxide grain boundaries prominently alters the
oxide defect structure as well as the mass transport properties of the TG oxide. Additionally,
interfacial reactions at the metal-oxide interface play a major role in the case of solid—state
diffusion [73]. In the present context, the analysis of the metal-oxide interface is critical for
understanding the oxide scale adherence as well as the electrical conductivity of the intercon-
nect. All these require high resolution characterization techniques like transmission electron
microscopy (TEM) and atom probe tomography (APT) for a holistic understanding on the pro-
cess of high temperature oxidation. However, there is very limited work on these addressing

the mass transport, segregation and linking this information to oxidation mechanisms.

2.9 Nanoscale characterization of thermal oxide scales

2.9.1 Transmission electron microscopy

Transmission electron microscopy (TEM) is one of the versatile materials characterization
techniques used to reveal micro- and nano-scale features in a solid material. In short, it can
be described as a study of the interactions between high-energy electrons, typically in the
range of 100-300 keV, and an electron-transparent thin specimen. This interaction results in
the generation of a number of different signals as shown in Figure 2.6. These signals can be
used for producing images, spectroscopic analysis for chemical information and diffraction

patterns for structural information.
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Figure 2.6: Schematic representation of various signals generated during the interaction of speci-

men with the incident electron beam.
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Figure 2.7: Schematic representation of various imaging modes in TEM. a) Bright-Field TEM, b)
Dark-Field TEM, c) Bright-Field STEM and d) Dark-Field STEM. [74].
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The two available types of TEM are: conventional TEM (CTEM) and scanning TEM (STEM)
which differ principally in the way they address the specimen. The CTEM is a wide-beam
technique, in which a close-to—parallel electron beam interacts with the region of interest
and the image is produced by an objective (imaging) lens. With the help of diffraction pattern,
either a direct beam (unscattered beam) called bright-field TEM (BF-TEM) or a scattered beam
called dark—field TEM (DF-TEM) can be chosen for the formation of a real space image (see
Figure 2.7).

In case of BF imaging mode, the contrast is improved by omitting diffracted electrons from
the image. Regions of the specimen that absorb or scatter electrons (thick areas) appear darker.
In case of DF imaging mode, only electrons scattered at a particular angle contribute to the
real-space image. In this imaging mode, specimen regions with selected crystal orientation

appear brighter and rest of the regions appear darker.

The STEM employs a fine focused electron beam, formed by a probe lens before the thin
specimen, to address each pixel in series as the probe is scanned across the specimen. In
STEM mode, apertures are not used. Instead a different detector which collects either the
direct beam (BF detector) or the scattered electrons at a particular range of angles (annular
dark—field (ADF) and high—angle annular dark—field (HAADF) detector) is used.

A Energy dispersive X-ray spectroscopy (EDX/EDS)

Chemical imaging in TEM can be made using X-rays, emitted by the target and the en-
ergy losses of inelastic transmitted electron [74]. The emission yield of X-rays increases with
atomic number (Z), therefore, the chemical contrast of heavier elements is obtainable easily
whereas for lighter elements, electron energy loss spectroscopy (EELS) is more accurate. Us-
ing the X-rays emitted from the specimen, chemical mapping is made by energy dispersive
spectroscopy (EDS). The EDS detector is placed inside the objective lens at a target angle based
on the TEM specimen holder.
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Figure 2.8: An example of EDS area analysis of the thermally grown chromia scale on ferritic steel.

Electrons of an inner core shell are pumped out via irradiation of the sample with the pri-
mary electron beam in electron microscopy (SEM or TEM). The escaped electron within the
inner shell leads to an unstable arrangement and the hole is immediately occupied by an elec-
tron from the outer shells triggering X-ray emission in a specific energy range. The energy
released is determined from the difference between the electron energies before and after the
relaxation. The possible combinations are represented by the name of the final shell (K, L,
M, etc.) mutually with a suffix («, B, ) which are characteristics of a particular element.
Qualitative and quantitative information on elemental composition can be retrieved from this
technique, as can be seen in Figure 2.8 (this spectrum corresponds to an area scan of a chromia

scale formed on ferritic steels).

B Application to thermally grown oxide scales

Using several of these modes in TEM/STEM, thermally grown oxides can be characterized to
retrieve microstructural information at the nanoscale [54, 75, 76]. The main purpose of using
TEM, in case of thermally grown oxides, is to probe the oxide grain size, analyze elemental
distribution and composition from EDS analysis and characterize the metal oxide interface.
For example, Figure 2.9 shows a comparison of chromia microstructure in high and low pO,

gases, where the grain size difference in both the atmospheres is clearly visible.
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Ni-coating

Figure 2.9: TEM micrographs of thermally grown Cr,03 scales on Ni—25Cr at 1050 °C for 4 hours
in (a) Ar—20 %O, and (b) Ar—4%H; -2 %H,0 atmospheres [54].

Though TEM provides valuable structural information, it is often not possible to obtain a
reliable and especially quantitative information from a specific small and non-planar region
like a grain boundary, as TEM is essentially a projection—-based technique. Besides, analytical
TEM methods usually suffer from poor detection sensitivity and low accuracy for chemical
quantification. The typical EDS has a detection limit in the range of 1 wt. % [77], which is not
enough to characterize the impurities which are usually < 1 wt. % in any material. Therefore,
a combination of TEM methods (structural information) in conjunction with APT (chemical
information) enables access to critical information on the local microstructure as well as the

elemental composition of thermally grown oxides.

2.9.2 Atom Probe Tomography (APT)

Investigations of the thermally grown oxide scales and the metal oxide interfaces were per-
formed by APT in the present study. This section contains an introduction and basic principles

of this technique.

A Historical perspective

The development of atom probe began in 1935 by Miiller [78], who devised the field electron
emission microscope. After 20 years, with the invention of field ion microscope (FIM), atomic

scale resolution was achieved. Afterwards, chemical identification of the field—evaporated
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atoms of a material was made possible with the help of a coupled time-of—flight mass spec-
trometer. Obtaining real 3D space compositional data was made possible with the development
of the position sensitive atom probe in the year 1988 by Cerezo et al.[79]. Later, the introduc-
tion of local electrode atom probe (LEAP) has offered considerably increased data collection

rates, making it feasible to examine much greater volumes of the given material [80].

B Fundamentals

APT operates on the fundamental principles of field evaporation. When a sharp-tipped
specimen is exposed to very high electric fields, the apex of the tip undergoes field evaporation,
resulting in ripping off of the surface atoms, as shown in Figure 2.10. Under high electric field,
these freed ions are accelerated towards a position sensitive detector (PSD) recording the (X,
Y) hit position of atoms which are later back—projected to the specimen surface to retrieve the
original ion location in the material. This field evaporation process is followed shortly after
the field ionization event, which is stimulated by a combination of the standing voltage with
either a voltage or a laser pulse [81]. When the electric field is adequate enough, the atom
is dragged away from its location on the surface before one of its electrons is consumed (by
the surface). Thus, freshly produced ion is accelerated towards the PSD with the help of the
electric field. The electric field magnitude (F) is proportional to the applied voltage (V) and

the specimen apex radius (R) as shown in Equation (2.10).

v
" kR

where k is a field factor (constant), which accounts for the reduced electric field due to the

F (2.10)

specimen shape and the electrostatic environment [82].

The chemical identity of field-evaporated atoms is determined based on the mass—to—charge

state ratios of ions using time—of-flight mass spectrometry.
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Figure 2.10: Schematics of specimen, local electrode and position sensitive detector in the analysis
chamber of an APT instrument.

C Sample preparation

The APT measurement requires a sharp needle-like specimen to allow field evaporation of
the surface atoms under high applied voltages. Suitable radius and shank angle of the specimen
are the key requirements. A relatively smaller apex radius of the specimen could result in a
lower starting voltage, which will affect the field of view. On the other hand, a larger apex
radius would require higher starting voltages. Ideally, the apex radius of a specimen should be
in the range of 50-100 nm [83] and the cross—section should be cylindrical. In order to avoid
the possibility of premature fracture, the specimen surface should be free of protrusions and
cracks [84]. To ensure that the region of interest is included within the obtained dataset, it
should be located < 100 nm from the apex [85].

The developments in the FIB based lift—out technique enable the micro—fabrication of spec-
imens from a wide range of materials [86]. Recently, the FIB based lift—out methods have
been extensively applied to even electrically insulating materials [87]. The different steps in-
volved in APT specimen preparation are shown in the Figure 2.11. More elaborate details of

the sample preparation are available in the standard textbooks on APT [81, 88].
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Figure 2.11: Site specific sample preparation for APT measurement using FIB [89].

D Application of APT to thermally grown oxide scales

APT is the only method that can routinely analyze and localize individual atoms in a ma-
terial with nearly atomic resolution and with an equal sensitivity for all the elements. Back
in time, atom probe technique had limited applications, only to conductive materials. With
the advancement in the laser development, a pulsed-laser made possible to characterize non-
conducting materials such as oxides. It has been extensively used for bulk oxides [90-92] and
thermally grown oxide scales formed on alloy surfaces [93-96]. The elemental distributions
derived from APT, especially at grain boundaries and interfaces, enabled to uncover the diffu-

sion pathways and identify the role of minor alloying elements in the oxidation process.
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Figure 2.12: Correlative APT-TEM approach for a thermally grown alumina scale (a) bright-field
STEM image of an APT specimen and corresponding EDS mapping for Ti, Y and Ga in-
cluding APT atom maps and (b) elemental concentration profiles from the grain bound-
ary [94].

A simple yet powerful example of APT characterization on thermally grown Al;Os is shown
in Figure 2.12 with clear segregation of minor solutes like Ti, Y, Si and O. Due to its superior
benefits over other techniques, in the present work, APT was extensively employed to under-

stand the segregation of alloy impurities and link it to oxide growth mechanism.

2.10 Motivation

As stated earlier, the intermittent nature of renewable energy generation by wind and solar
limits its widespread adoption by virtue of lack of energy storage infrastructure. The intro-
duction of SOCs has the opportunity of bridging the gap between electricity generation from
intermittent renewable energy sources and its utilization with only minor adaptations in the
way the energy is used today. This technological solution is ultimately a material challenge, as
the design and optimization is targeted towards long-lasting, cost—effective and more efficient
SOCs and hence, the components of SOCs need to be thoroughly researched and evaluated. In
particular, research on interconnect materials is very important due to the various stringent

requirements placed on it, especially those arising from the high temperature oxidation.

Metallic interconnect materials, mainly high-Cr ferritic steels, at high temperatures tend to

oxidize quite rapidly, resulting in deterioration of electrical and mechanical properties. This
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work is motivated by the fact that the present understanding of the oxidation behavior of these
ferritic steels under actual operating conditions of SOCs remains insufficient. Therefore, such
an investigation is very essential for efficient composition tailoring for further improvement
of the steel properties, particularly its high temperature oxidation resistance, with a special

focus on

(i) the role of different SOC-relevant atmospheres and

(ii) the effect of alloy composition including the minor constituents.

As these steels are exposed to air and fuel on either side, study of the oxidation behavior in
such a wide range of corrosive environments is of significant importance. The model gas com-
positions: Ar—O; characterizing atmosphere on the air side and Ar-H; -H;0, Ar-CO-CO,
representing typical atmospheres on the fuel side of SOC devices were chosen for this work. In
order to investigate the effect of alloying elements, a commercially available Crofer 22 H with
variations in Nb, Ti and Si content and in total four steel varieties are produced. Oxidation

tests are conducted at 800 °C, as the SOCs show the best efficiency at this temperature.

A key aspect in elucidating the oxidation mechanisms is to characterize thermally grown
oxide scales down to near-atomic scale, which requires high resolution methods such as TEM
and APT. Such investigation would lay the foundation for quantitative and qualitative inter-
pretation of mass transport and diffusion pathways, in particular, to identify the oxide growth
mechanisms that limit performance of SOC interconnects, and would aid in better design of

interconnect materials for high temperature performance.
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This chapter focuses on the type of materials and methods used for performing oxidation
studies in different gas compositions pertinent to fuel cell operating conditions. A detailed

methodology of the oxidation testing and characterization approaches is discussed.

3.1 Alloys investigated

A commercial steel Crofer 22 H was selected as the base alloy, and its modifications were
produced by varying the concentrations of Nb, Ti and Si to study the effect of these elements.
The steels were manufactured by VDM Metals by vacuum melting. An ingot of approximately

10 kg was cast and subsequently hot rolled down to sheets of 2 mm thickness.

Table 3.1: Chemical composition of the investigated alloys as determined by ICP-OES (in at. %)."
Alloys designations contain N for Niobium, T for Titanium and S for Silicon additions.

Fe Cr Mn Al Si Nb Ti La W C N

Alloy-NTS
7331 24.64 044 0.04 042 031 0.08 0.03 03 0.03 0.06
(Crofer 22 H)

Alloy-NT
(KCL)
Alloy-T
(Crofer 75.36 24 041 0.03 0.02 - 0.06 004 - <0.01 o0.01
22 APU)
Alloy-N
(KCD)

74.8 23,58 0.52 0.02 0.04 066 0.17 0.06 - 0.05 0.07

7448 24.22 047 0.02 004 063 - = = 0.02  0.08

fAlloys additionally contain B and C in concentrations < 50 atomic ppm.
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The actual chemical compositions of the steels were analyzed by inductively coupled plasma
optical emission spectroscopy (ICP-OES) and are given in Table 3.1. For convenience in read-
ing, the alloys were designated following their minor elements content, where N, T and S
stand for additions of niobium, titanium and silicon, respectively. The alloy names given in

the parentheses refer to their designations in commercial/lab use.

3.2 Oxidation Testing

Samples of dimensions 20 x 10 x 2 mm for oxidation testing were machined from the hot
rolled sheet by laser cutting. All machined samples were ground down to a 1200 grit sur-
face finish with SiC abrasive papers. Prior to high temperature exposure, the specimens were

ultrasonically cleaned with ethanol.

The high temperature oxidation experiments were performed at 800 °C (the typical op-
erating temperature of SOCs) on all studied alloys in three different gas compositions i.e.
Ar-20%0,, Ar—4%H; -4 %H,0 and Ar - 1 %CO - 1 %CO,, which are model gases for SOEC/SOFC
devices. Weight gain was monitored using a Setaram TG 92 microbalance. Specimens were
heated to the test temperature at a rate of 90 K/min in the test gas, kept at 800 °C for 72 h, and

subsequently furnace cooled at approximately 10 K/min.

3.3 Materials Characterization

Materials characterization is a key step to understand the materials’ behavior under dif-
ferent oxidizing conditions. Basic information about phase composition by XRD and Raman
spectroscopy, elemental depth profiling using GD-OES, oxide microstructure from SEM/TEM

and quantitative elemental composition at nanoscale by APT are discussed in this section.

3.3.1 Phase Analysis
A X-ray Diffraction (XRD)

In order to identify the phases formed during high temperature oxidation (in different gas
compositions and on various alloys), XRD technique was used. Phase analysis was done in
two different modes; (i) parafocusing Bragg-Brentano geometry for the entire oxide scale
using the following parameters: time per step of 1 sec, step size 0.026, divergence 0.4° and
Cu tube operating 40 kV/40 mA (K, radiation) and (ii) grazing incidence-XRD (GI-XRD) for
surface oxide layers was performed using the parameters: time per step 2 sec, step size 0.025
and Cu tube of 40 kV/40 mA.
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B Raman Spectroscopy

Laser Raman Spectroscopy by Dilor HR 800 equipped with a HeNe laser with the wavelength
of 632.8 nm was used for surface phase analysis on all the samples exposed under different

conditions.

3.3.2 Compositional Depth Profiling

There are different techniques available to get the compositional depth profile information,
some of which are glow discharge optical emission spectroscopy (GD-OES), secondary ion
mass spectrometer (SIMS) and X-ray photo-electron spectroscopy (XPS). Among these tech-
niques, GD-OES is superior for the present work with its primary strengths being large anal-
ysis depth (tens of micrometers) and quantitative information on elemental concentrations.
Therefore, GD-OES was selected to chemically characterize the oxide scales via depth profil-
ing.

HORIBA Jobin-Yvon GD analyzer equipped with a 4 mm glow discharge source was used for
this research work. The sputtering conditions (in Ar) were: pressure 700 Pa and power 30 W.
In the GD-OES depth profiling, the sputter crater had a diameter of 3 mm and a procedure

similar to that described in [97] was used for quantification.

3.3.3 Electron Microscopy
A Scanning Electron Microscopy (SEM)

The surface and cross—sectional microstructure of the oxidized samples were examined by
SEM using a Zeiss Supra 50VP instrument. For cross—sectional SEM investigation, the spec-
imens were mounted in an epoxy resin. Prior to mounting, the specimens were coated with
an approximately 100 nm thick gold layer to create electrical conductive surface, and subse-
quently electroplated with nickel using NiSOy solution. The nickel layer mechanically sup-
ports the oxide scale during further metallographic preparation, and additionally improves
the contrast between the oxide scale and the mounting material during optical and electron

microscopy observations.

B Transmission Electron Microscopy (TEM)

Cross-sectional samples for TEM investigations were prepared using a Zeiss Auriga cross
beam focused ion beam (FIB) with a Ga ion source using a lift-out method (Carl Zeiss Mi-

croscopy GmbH, Germany). TEM imaging was carried out in the scanning mode (STEM) using
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a Zeiss Libra 200 transmission electron microscope (Carl Zeiss Microscopy GmbH, Germany)
with accelerating voltage of 200 kV. The TEM images were acquired in a bright field, a dark field
and a high angle annular dark field (HAADF) modes with the use of corresponding detectors.
Elemental analysis of the oxide scale was performed by energy dispersive X-ray spectroscopy
(EDS) using a X-Max 80 detector (Oxford Instruments, UK).

3.3.4 Atom Probe Tomography (APT)

For APT investigation of thermally grown oxide scales and metal-oxide interfaces, speci-
mens were prepared from the cross—sectional SEM samples by a conventional lift—out method
[84] similar to that shown in Figure 2.11 using a Thermo Fisher Scientific FEI Helios Nanolab
650i dual beam FIB. APT specimens from the chromia scale were prepared perpendicular to
the growth direction (parallel to the oxide scale) to maximize the number of grain boundaries
in APT datasets, since chromia grains usually appeared textured in the growth direction. APT
specimens containing the metal-oxide interface were prepared perpendicular (to maximize the
analyzed interface area) as well as parallel (to minimize the influence of local magnification

effect at the interface) to the growth direction.

APT analysis was performed using a LEAP4000X HR instrument (Ametek Inc.) operating
in laser mode with laser pulse frequencies of 200-250 kHz, laser pulse energies of 30-50 pJ
and detection rate of 0.005 ions per pulse. The base specimen temperature was maintained at
50 K for all measurements. APT data reconstruction and analysis was carried out using the
Integrated Visualization and Analysis Software (IVAS™) package 3.6.14 (Ametek Inc.).

APT reconstructions for chromia scale measurements were built based on the voltage—
guided algorithm for radius evolution, while constant shank-angle algorithm was used for
reconstruction of metal-oxide region measurements. For performing a correct reconstruc-
tion, i.e. matching the real specimen geometry, a set of reconstruction parameters must be
determined and provided (initial specimen radius, specimen shank angle for shank-guided
mode, image compression factor, atomic volumes and detection efficiency). The initial speci-
men radius for the start of the reconstruction is usually hard to measure due to irregular shape
of the apex after FIB preparation. However, based on the assumption that the evaporation field
during the measurement is constant, the field value can be derived from the final radius of a
specimen determined in SEM after terminating the APT measurement based on the following
equation,

v

F=iz (.1)
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where F is the magnitude of electric field, V is the final applied voltage, R is the specimen
radius and k is a field constant (assumed equal to 3.3 for the LEAP tool). The initial radius
for the reconstruction can be later determined using the same equation, provided the starting

voltage for the reconstruction is set.

The correct atomic volumes were determined based on the crystallographic data for the
phases present in the APT datasets. The atomic volumes of metal species were set equal to
0.012 nm?3/at matching the average atomic volume of the iron-based BCC alloy. The atomic
volume of oxygen was set to 0.008 nm3/at to ensure the correct average atomic volume in the
chromia phase. This oxygen volume also provides a quite correct average ionic volume for

other detected oxide phases, e.g. spinel, ensuring the spatially correct reconstruction.

The detection efficiency was slightly reduced to 0.32 as compared to nominal 0.36 for the
LEAP 4000X HR tool after analyzing the spectrum background to account for the volumes of
out—of—pulse evaporated ions (a more detailed explanation can be found elsewhere [94]). The
image compression factor was finally adjusted to obtain the reconstruction length matching
the true length of the evaporated volume, as assessed by comparing the pre- and post-analysis
SEM images of the specimen. This approach enables building a spatially correct reconstruction

of the specimen, which is critical for quantification of GB segregation [94].
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Effect of gas composition on high

temperature oxidation

4.1 Introduction

This chapter deals with the oxidation behavior of a Crofer ferritic steel exposed to different
gas compositions. In real SOFC operating conditions, the cathode side of the interconnect
is exposed to air and the anode side is exposed to fuel. To model the conditions of SOFC
operation, the oxidation experiments were performed in Ar - 20 %0, atmosphere representing
the air side and Ar -4 %H; - 4 %H;0, Ar - 1 %CO - 1 %CO; atmospheres representing the fuel
side. The oxygen partial pressures of these gases were determined from FACTSAGE software
and the values are shown in the Table 4.1. Based on the oxygen partial pressures, they are
broadly divided into two types: high pO, and low pO, gases. Commercially available steel,
Crofer 22 H with modified chemical composition was used to study the oxidation behaviour

in these gas compositions.

Table 4.1: The partial pressures of oxygen calculated using FACTSAGE for different gas compo-
sitions used in the current research work.

Gas Composition pO> (atm)

Ar-20%0; (high pO,) 0.2
Ar-14 0/0H2 -4 O/OH2O (IOW pOQ) 4.3 x 10_19
Ar-1%C0-1%CO; (low pO,) 3.6x 10719
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4.2 Thermogravimetric analysis

4.2 Thermogravimetric analysis

One of the common methods to study a high temperature oxidation process is by moni-
toring the weight change before and after the oxidation experiments. Figure 4.1 shows the
thermogravimetric (TG) data acquired during isothermal oxidation representing the continu-
ous weight gain process as a function of exposure time in three different gas compositions at
800 °C for 72 hours of exposure.
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Figure 4.1: Thermogravimetric test results acquired during isothermal oxidation of Alloy-NT at
800 °C in different gas compositions for 72 hours of exposure: (a) mass change as a
function of the exposure time and (b) instantaneous apparent parabolic rate constant
(kw) as a function of the exposure time.
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Too short exposure experiments give information about the transient oxidation, commonly
called as early stage of oxidation, which depends not only on the chemistry of gases or alloy but
also on the sample preparation procedure leading to varied surface roughness. On the other
hand, too long exposure experiments may lead to spallation due to accumulation of growth
stresses. Therefore, an optimum exposure time is needed to grow the oxide scale which fully
covers the alloy surface. From several iterations based on the earlier studies similar to this
type of steel, it was found that 72 hours of exposure gives the required degree and uniformity

of coverage of the oxide on the alloy surface.

It can be seen from Figure 4.1a that the weight gain for Ar - 20 %0, sample (high pO, gas)
is much lower compared to Ar -4 %H; -4 %H;0 (low pO, dry gas) and Ar-1%CO-1%CO;
gases (low pO; dry gas). However, after 72 hours, the weight gain for Ar-20%O0, and
Ar-4%H; -4 %H,0 are almost equivalent, whereas the sample exposed to Ar — 1 %CO -1 %CO;

atmosphere shows significantly higher weight gain.

A plot of instantaneous apparent parabolic rate constant (k) as a function of exposure time
is presented in Figure 4.1b and it displays lower rate constant value for the sample exposed in
Ar - 20 %0, during the initial hours (< 10 hours) period. As the time proceeds, k, increases for
Ar 20 %0, (high pO;) and decreases for the sample exposed in low pO, gases. After 72 hours,
the overall rate constants for the samples exposed in Ar - 20 %0, and Ar-1%CO -1%CO; is
approximately similar, which is higher compared to Ar -4 %H; -4 %H,0. This clearly indi-
cates that both Ar-0O; (high pO;) and Ar-1%CO-1%CO; (low pO,) atmospheres exhibit

faster oxidation rate, implying that the pO, itself is not a decisive factor here.

For all gas compositions, an approximate parabolic time dependence of the oxide thickness
is observed, except for initial oxidation stages, whereas the rate constant remains stable over
time. The classical oxidation theory indicates that the transport processes in the oxide scale are
rate determining in the given case. Since the mass transport through an oxide scale is always
strongly dependent on its microstructure, characterization of the microstructure can give a
clue to understanding the oxidation mechanisms, in particular, the role of the atmosphere and

its components.

4.3 Phase analysis

Earlier studies revealed the possibility of simultaneous presence of several oxide phases in

the scale formed on Crofer alloys. For this reason, the phase compositions of the oxide scales
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4.3 Phase analysis

were characterized by XRD and Raman spectroscopy. Figure 4.2 shows the XRD patterns of
the Alloy—-NT exposed in the three different gas compositions. The predominant oxide phases
observed during high temperature oxidation are MnCr;04 spinel, Cr;O3 and a rutile-type
Nbyg 940;. The substrate (alloy) peaks are also identified after 72 hours of exposure at 800 °C.
There are no significant differences between the XRD patterns for the samples exposed in these

gas compositions.
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Figure 4.2: Room temperature XRD patterns acquired after isothermal oxidation of Alloy-NT ex-
posed to different gas compositions at 800 °C for 72 hours.

Raman spectra for standard chromia, normal spinel and inverse spinel powder samples were
obtained and then compared them with the spectra obtained from the thermally grown oxide

scales formed on the surface of Alloy-NT in different gas compositions.

As Raman spectroscopy is a surface technique (the analysis depth is about 2 ym), informa-
tion from the outermost layer shows higher intensity i.e., spinel formation on the surface is a
direct observation from these results. It can be concluded from the Raman spectroscopy mea-
surements (see Figure 4.3) that only normal spinel structure (A) is present in low pO; gases
(Ar-H;-H,0 and Ar-CO - CO,) whereas a mixture of normal and inverse spinel structures

(A and 7) are detected in high pO; (Ar - O;) atmosphere.
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Figure 4.3: Raman spectra acquired after isothermal oxidation of Alloy-NT in different gas compo-
sitions at 800 °C for 72 hours.

4.4 Elemental Depth profiling

Different elements present in the alloy tend to oxidize at different oxygen partial pres-
sures, which means multilayer oxide scale formation is usually possible for complex alloy
systems. Therefore, depth profiling (concentration variation of an element from the surface to
the bulk) of different species can reveal information on the formation of multilayered struc-
ture. Also from the previous results, the relative position of a particular phase in the entire
oxide scale is not completely understood. To address this, the glow discharge-optical emission
spectroscopy (GD-OES) was used. Figure 4.4 shows the GD-OES depth profiling for various

elements present in the alloy after isothermal oxidation at 800 °C for 72 hours in Ar - 20 %0O,.

These profiles clearly show that the surface oxide is rich in Mn and Cr, indicating that the
outermost oxide layer is spinel followed by chromia. This is in good agreement with XRD
(Figure 4.2) and Raman (Figure 4.3) results. Nb and Ti peaks are evident at the oxide-alloy
interface, indicating a new oxide phase formation at the interface. This is evident from XRD
(Figure 4.2) as rutile-type NbO, phase. However, GD-OES profile shows that the oxide rep-
resents rather (Nb, Ti)O; stoichiometry. It should be noted here that the Ti peak might also
contribute to internal oxidation zone formed in the alloy at the vicinity of oxide-alloy interface

as such zones have been observed earlier [30]. In addition to the oxide formed at oxide-alloy
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4.4 Elemental Depth profiling

interface (or metal-oxide interface), Mn segregation is evident at the chromia/(Nb, Ti)O; oxide
interface. From the GD-OES results it can also be concluded that the elements such as Fe, La
and Si don’t play an active role in the oxide formation as they are severely depleted in the
oxide scale compared to their bulk concentrations. However, Al slightly segregates either at

the oxide-alloy interface or in the internal oxidation zone (I0Z).

Ar-20%0, (high pO,)

100

Cr

Mn %

Concentration (at.%)

" Al A,oﬁf :

T T T T T T
0 50 100 150 200 250 300 350 400
Sputtering time (s)

Figure 4.4: GD-OES depth profiling of various elements for the Alloy-NT exposed in
Ar—20%0, at 800 °C for 72 hours of exposure.

Figure 4.5 shows the GD-OES depth profiling for various elements present in the same alloy
(Alloy-NT) after isothermal oxidation at 800 °C for 72 hours of exposure in Ar - 4 %H; - 4 %H-0.
Almost similar depth profile was observed when compared to Ar - 20 %0, (Figure 4.4) except
that the Nb/Ti ratio at oxide—alloy interface is significantly higher in the case of Ar -4 %H; - 4 %H,O0.
This is a clear indication that the amount of Nb, Ti-rich oxide is more in Ar - Hy - H,O.

Figure 4.6 shows the GD—-OES depth profiling for various elements present in the Alloy-NT
after isothermal oxidation at 800 °C for 72 hours of exposure in Ar -1 %CO -1 %CO,. The ele-
mental depth profiles for all elements in both the low pO; gases are almost identical. Mn con-
centration at the surface is relatively lower in the case of low pO, gases (Ar -4 %H; -4 %H,0
and Ar -1 %CO -1 %CO,) compared to high pO; (Ar - 20 %0,). This may be due to the higher
solubility of Mn in the spinel formed in case of high pO, [98]. It was also found that in high-

pO» atmosphere, Mn can replace a substantial amount of Cr in the Cr/Mn-outer spinel [99].
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Figure 4.5: GD-OES depth profiling of various elements for the Alloy-NT exposed in
Ar—4%H;-4%H,0 at 800 °C for 72 hours.
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Figure 4.6: GD-OES depth profiling of various elements for the Alloy-NT exposed in
Ar—1%C0O-1%CO, at 800 °C for 72 hours.

Surprisingly, carbon is not evident either in the oxide scale or in the alloy. This indicates
that there is no evidence of carburization during high temperature oxidation in Ar— CO - CO,.
Carbon penetration through the oxide scale is indeed a prominent phenomenon typically ob-

served in carbon rich gases [54], but it was not observed in the present study.
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However, the information from GD-OES profiles is not localized, both in terms of possible
simultaneous sputtering of different layers in different regions of the sample surface and in
terms of elemental distribution in the microstructure (in solid solution, at GBs or as minor
inclusions of other phases besides spinel and chromia). This requires high resolution charac-

terization methods, which are discussed in the following sections.

4.5 Electron microscopy

4.5.1 Scanning Electron Microscopy (SEM)

SEM was used to examine the surface morphology as well as cross—section of the oxide
scale after oxidation in different gas compositions. Figure 4.7 shows the low magnification (a,
b and c) and high magnification (d, e and f) SEM images of sample exposed to Ar-0O; (a, d),
Ar-H;-H,0 (b, e) and Ar- CO-CO; (c, ).

Oxide scales fully cover the alloy surface in all the gas compositions. It can be seen that the
sample exposed to Ar- O, shows globular oxide morphology whereas the samples exposed
to low pO, gases show plate and whisker-like morphology, a typical morphology for this
material in low pO; gases [54]. Therefore, the oxide formed in high pO; is relatively more

denser than the oxides formed in low pO; gases.

The cross—sectional SEM images are shown in Figure 4.8. The cross-sectional micrographs
for all the gas compositions show Laves phase in the base alloy microstructure. All the samples
showed duplex oxide scales consisting of an outer spinel and an inner chromia. At high pO,,
the spinel-chromia interface is quite compact and adherent whereas this interface in low pO,
gases shows numerous pores (significantly in Ar—-CO -CO;) indicating that the adherence
between the layers may be poor. Internal oxidation is observed in all the samples. Additionally,
the internal oxide precipitates are more pronounced in the low pO; gases in contrast to the

high pO, gas.
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Low magnification High magnification

Figure 4.7: Surface morphologies of the Alloy-NT exposed at 800 °C for 72 hours in (a, d)
Ar—20%0,, (b, ) Ar—4%H;-4%H,0 and (c, f) Ar—1%CO-1%CO,. The figure also
shows globular type oxide in case of Ar-20%0; (high pO;) and plate-like morphology
in case of Ar—4%H;~-4%H;0 and Ar-1%CO -1%CO; (low pO, gases).

Earlier studies [100, 101] have shown that chromia formation takes place first, followed
by Mn diffusion through chromia scale resulting in outer spinel (MnCr,04) formation in the
later stages of oxidation. Therefore, the elemental diffusion through chromia (including that
of Mn outward diffusion) is the rate—controlling process for the overall kinetics. The methods
presented above reveal the overall structure and composition of the oxide layer. However, their
spatial resolution and/or chemical sensitivity are not sufficient to look into the microstructure

at the level that enables to understand the diffusion processes through the oxide scale and
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across the metal-oxide interfaces. High—-resolution techniques need to be employed for that
purpose.
Low magnification High magnification
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Figure 4.8: Cross sectional SEM images of the Alloy-NT exposed at 800 °C for 72 hours. (a, d)
Ar—20%0,, (b, €) Ar—4%H; -4 %H,0 and (c, f) Ar-1%CO -1%CO,.

4.5.2 Transmission Electron Microscopy (TEM)

TEM analysis was performed in the scanning mode (STEM) to further investigate the ox-
ide scales of the Alloy-NT with respect to the scale thickness, porosity and grain structure.
Figure 4.9 shows that the oxide layers formed in different gas compositions have different

thicknesses of individual subscales.
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Figure 4.9: Bright-field STEM images of oxide layers formed on the surface of Alloy-NT at
800 °C after 72 hours of exposure in (a) Ar—20%O;, (b) Ar—4%H;-4%H,0 and (c)
Ar-1%CO-1 WoCOz.

In high pO; gas, the spinel is thinner compared to chromia, whereas in low pO, gases the
reverse effect is observed. The thinner spinel layer in the high pO, gas appears probably due
to slower Mn diffusion to the gas-scale interface (or to the surface of the oxide). On the other
hand, chromia is thicker in Ar—CO-CO; compared to other gases Figure 4.9. Interestingly,
a continuous Nb(Ti, Cr)O; oxide layer of 0.35 pm thickness is observed at the metal-oxide

interface in the low pO; gases and this layer is discontinuous at high pO;.
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Table 4.2: Thickness (in pm) of different oxide scales formed after 72 hours of oxidation at 800 °C
in different gas compositions for the Alloy-NT.

Oxide scales Ar-20%0,; Ar-4%H;-4%H;0 Ar-1%CO-1%CO,
Spinel (outer) 0.76 1.76 1.57
Chromia (inner) 1.33 0.97 1.7
Nb(Ti, Cr)O, Discontinuous 0.35 0.35
Total 2.4 3.08 3.62

Table 4.2 displays the thicknesses of the oxide layers formed in different gas compositions.
The overall thickness of the oxide scale changes in decreasing order as follows: Ar—CO—CO, >
Ar—H,—H,0 > Ar—0,. This is in agreement with the weight gain plot from the thermogravi-

metric test results (Figure 4.1).

A major and important observable difference in the oxide scales formed in three gas compo-
sitions is their porosity. The pore density in the chromia scale and at the metal-oxide interface
is quite high in Ar—CO-CO;. Probably this is the reason for faster oxidation in this atmo-
sphere as the diffusion through the scale can partially proceed at the walls of the pores, which
must occur faster compared to solid-state diffusion solely. This process can be further exac-
erbated if the pores are partially interconnected, so that the residual diffusion path through
the solid will be substantially shortened. However, this cannot be directly proved due to lim-
itations of the used analytical techniques. As seen in Figure 4.9, the metal-oxide interfacial
pores are significantly larger in Ar—-CO-CO; and Ar - O, but these pores remain smaller in
Ar-H, - H,0, indicating that there is no direct dependence on the pO; level. Spinel-chromia
interfacial pores are quite pronounced in Ar-H;-H,O in contrast to the high pO; atmo-
sphere. All these types of pores can make the entire oxide scale less dense and can cause it to

spall off easier due to thermal stresses.

Although a similar duplex scale structure (chromia-spinel) is observed for all gas compo-
sitions, the scales exhibit large differences also with respect to the grain sizes of the chromia
scale, as shown in the Figure 4.10. Besides, at high pO, the chromia grains are nearly equiaxed,
whereas at low pO; they are more elongated (columnar) in the direction of oxide growth, in-
dicating slightly textured growth. As mentioned above, GBs substantially contribute to the
overall diffusion through the oxide. The total diffusion flux through GBs must be proportional
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Chapter 4 Effect of gas composition on high temperature oxidation

both to the GB ionic conductivity and to the GB density. It was found that the sample with
the densest GB network (chromia in Ar-0O; as shown in Figure 4.10) shows nevertheless the
lowest weight gain (Figure 4.1). Therefore, it can be concluded that the ionic conductivity ap-
pears to be a limiting step for the oxide grow. However, TEM capabilities are restricted with
respect to unveiling the accurate GB chemistry, which can substantially influence their ionic

conductivity, so APT has been employed for further investigations.

Figure 4.10: Bright—field STEM micrographs shown for chromia grain size comparison formed on
Alloy=NT at 800 °C oxidized in three different gas compositions for 72 hours.

4.6 Atom probe tomography

To get insights into the chemistry of chromia scale including grains and grain boundaries

as well as segregation of alloying elements at GBs, APT was employed.

4.6.1 Chromia scale in Ar-0,

Figure 4.11 shows the results the APT analysis of chromia scale formed in Ar—-O, after 72
hours at 800 °C.
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Figure 4.11: APT analysis of chromia scale formed on the Alloy-NT exposed to Ar - 20 %0, at 800 °C
for 72 hours. (a) Atom maps of chromia showing the elemental segregation to grain
boundaries (Ti, Nb and Mn) and solubility in grains (Ti, Mn and Fe are not uniformly
distributed), (b) and (c) are the elemental concentration profiles for major and minor
elements, respectively, across a random grain boundary marked with an arrow in (a).

Atom maps (Figure 4.11a) clearly show the polycrystalline chromia with multiple grains
and grain boundaries, which are distinguished by the segregation of alloying elements such as
Ti, Nb, Al and Mn. Additionally, inhomogeneous distribution of Ti, Mn and Fe is also evident
within the grains. It is interesting to observe the segregation patterns of Mn and Fe which

share the same regions inside the chromia grains.
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Table 4.3 shows the bulk composition of chromia scale formed in Ar-0O,. The amount of
oxygen is slightly underestimated compared to its stoichiometric level (60 at. % O). However,
the underestimation of oxygen concentration in oxide materials is an usual artifact in the
APT measurement [102-104] due to dissociation of complex metal-oxygen ions under high
electric field resulting in formation of undetectable oxygen neutrals, so the observed non-
stoichiometry should be disregarded. The impurities present in chromia scale are Ti and Mn
with concentrations of 0.66 at. % and 0.36 at. %, respectively, as well as Nb and Fe with 0.13
at. % each. The concentrations of bulk impurities are quite low, rendering their detection and

particularly the elemental distribution by analytical TEM nearly impossible.

Table 4.3: APT bulk composition of chromia scales formed in different gas atmospheres relevant
to SOFC/SOEC.

Gas composition O Cr Mn Si Al Ti Nb Fe

Ar-0, 56.43 42.24 0.36 0 0.03 0.66 0.13 0.13
Ar-H,;-H,O 56.16 419 0.057 0.087 0.096 0382 0.1 0
Ar-CO-COq, 56.12 43.13 0.031 0.049 0.011 054 0.054 0

Concentration profile across a random grain boundary (marked with an arrow in Figure 4.11a)
is presented in the Figure 4.11b (for major elements) and Figure 4.11c (for minor elements). It
shows the complex and perhaps non-stoichiometric nature of Cr;Os, where the chromium-
to—oxygen ratio varies from one grain to another (unlike the absolute O concentration in
oxides, the relative variations can be established by APT reliably). The minor alloy impurities
such as Ti, Nb and Mn segregate to chromia GBs with peak concentration of 2.2 at. %, 1.2 at. %,
< 0.5 at. % respectively. Interestingly, Nb showed almost no solubility in the chromia lattice

(bulk) whereas Ti shows a substantial lattice solubility.
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Figure 4.12: (a) Atom maps from APT for a grain interior decorated with Nb and Mn iso-surfaces.
(b) Typical concentration profiles across a grain interior. (c) Proxigrams for the Mn-rich
nano precipitates showing the substoichiometry of the inner spinel nuclei.

Earlier study showed that increase in pO; results in increased solubility of Mn in the chro-
mia grains [99]. However, at nanoscale it is not homogeneous, as can be seen from Figure 4.12b.
The Mn content in the chromia grain interior varies from 0 to 2.3 at. %. However, the proxim-
ity histogram shown in Figure 4.12c, showed Mn content in the local in-grain microvolumes
reaching at least 7-8 at. %. Taking into account that about 14-15 at. % of Mn is required for
MnCr;04 to be formed, this clearly indicates that the Mn-rich tiny regions can be interpreted
as possible inner spinel nuclei (based on their composition). The Mn content in these regions
may increase with exposure time and would lead to complete stoichiometric spinel formation
inside the chromia grains. To prove that these microvolumes are indeed the nuclei of another

phase in chromia, structure-sensitive methods such as HR-TEM are needed.

4.6.2 Chromia scale in Ar—4%H,-4%H,0

Figure 4.13 shows the APT analysis of chromia scale formed in Ar - H; -H,O after 72 hours

at 800 °C. Atom maps also show the fine-grained nature of chromia scale which is distin-
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guished by the segregation of alloying elements such as Ti, Nb, Mn and Al at GBs. Si appears
as an island-like segregation pattern randomly formed inside the chromia grains, at grain
boundaries and triple junctions. Unlike the sample oxidized in the high pO; gas, Ti is the only
element which shows notable solubility (approximately 0.5 at. %) in the chromia grains (Ti
doped Cr;03 lattice). However, the overall bulk composition for the chromia scale shows 0.8
at. % of Ti (see Table 4.3), which is due to substantially higher Ti concentration at GBs.

All

(o] Cr Al

GB segregation

Figure 4.13: Atom maps from APT for the chromia formed on Alloy-NT after isothermal oxidation
at 800 °C in Ar—H, -H,O for 72 h.

GB segregation was quantitatively analyzed by plotting the concentration profile across a
random GB in the chromia (see Figure 4.14a). The elements which segregate at GBs don’t
show any notable solubility in the grains, except for Ti. The peak concentration at chromia
GBs reach about 2.5 at. % for Ti, about 1.2 at. % for Nb and 0.25 at. % for Mn, which is similar
to the values observed in high pO; atmosphere. Al segregation is slightly displaced from the
GB plane, which might occur due to either cooling the sample to room temperature or by

space charge distribution at GB plane by heavier cations like Nb, Ti and Mn. Figure 4.14b
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4.6 Atom probe tomography

shows the proximity histogram across the isosurface encompassing the Si-rich regions in the
chromia scale. The Si-to—-O ratio within these regions indicates stoichiometry close to SiOg, i.e.
formation of silica particles. Interestingly, these silica particles were not observed in high pO,
atmosphere (Figure 4.11 & Figure 4.12). This indicates that Si has relatively higher tendency
to form SiO; at low pO; values.
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Figure 4.14: (a) Concentration profiles across a random grain boundary from Figure 4.13, and (b)
Proxigrams across the interfaces encompassing Si-rich regions in the chromia scale.

4.6.3 Chromia scale in Ar—-1%CO-1%CO,

Figure 4.15 shows the results of the APT analysis of chromia scale formed in Ar-CO-CO,
after 72 hours of exposure at 800 °C. The APT dataset shown below contains 3 grains and GBs
including a triple junction (three GBs meeting at a line). Elements such as Ti, Nb, Mn and Al
segregate at chromia GBs, whereas Si shows island-like segregation pattern, very similar to

that in chromia scale formed in Ar-H, - H,O.

Also, the segregation activities of impurities are quantitatively nearly identical to those in
Ar-H;-H;O0, i.e. there is not much difference in nanoscale chemistry of the chromia scales
formed in Ar-H;-H;0 and Ar-CO-COs;. It is worth mentioning that carbon from the gas
atmosphere has not been detected in any parts of the chromia by APT, so it does not directly
influence the chromia scale formation. This is probably due to low carbon activity (ac = 0.01
calculated from FACTSAGE) in the gas composition. In spite of the low Si concentration in the
investigated steel (Alloy-NT), it was found in the chromia scale with an average concentration
of approximately 0.04 at. % in Ar—CO - COs,.
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Chapter 4 Effect of gas composition on high temperature oxidation

The key observation from APT with respect to different atmospheres is that the chemistry
of chromia grain boundaries is nearly identical for all gas compositions, indicating a similar

influence on the GB diffusion properties.

All Cr (o} Si

Figure 4.15: Atom maps from APT of chromia scale formed on Alloy—NT after isothermal oxidation
at 800 °C in Ar-CO -CO, for 72 hours.

4.7 Oxidation Mechanisms

4.7.1 Nanoscale considerations for the oxide scale growth

It is known that for Cr,O3 at 800 °C, the cationic (outward) diffusion via GBs is much faster
than the lattice/bulk diffusion [24]. Therefore, chromia GBs play a very important role in oxi-
dation process. Segregation of elements such as Mn, Nb, and Ti to chromia grain boundaries
alters its defect structure. From the theory of Wagner-Hauffe doping, it is known that dop-
ing of chromia with Mn?* (this is inferred from the surface spinel stoichiometry, MnCr,0,)
results in increased concentration of oxygen vacancies, whereas Nb**/Nb>*/Ti** additions to
chromia can result in increased concentrations of chromium vacancies, as shown in the fol-
lowing equations.

2MnO (in Cr,0;) —> 2Mng, + Vg + 204 (4.1)

3NbO, (in Cr,05) — 3Nbg, + V¢ + 60§ (4.2)
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4.7 Oxidation Mechanisms

3Nb,0; (in Cr,0;) —= 6Nbg; + 4 VEL + 150 (4.3)
3TiO, (in Cr,05) —= 3Tig, + V& + 60f (4.4)

The above equations (Equation (4.1)—(4.4)) indicate that oxygen vacancies are generated in case
of Mn addition, which are responsible for inward chromia growth mechanism, and chromium
vacancies are generated in case of Nb and Ti addition, which are responsible for outward
chromia growth mechanism. The schematic representation of mass transport via chromia
grain boundaries is shown in Figure 4.16. Additionally, grain interior doping by Mn and Fe in
high pO; should increase the oxygen vacancies in the oxide scale and thereby should make the
oxidation process faster. However, the reverse effect was observed (high pO; sample showed
lower weight gain from TG results). Inner spinel formation in high pO; contributes only
partially to the weight gain. Kinetic trapping of Mn (in chromia grain interiors) may be indeed
responsible for thinner spinel (less Mn reaches the surface), but it does not explain the overall
weight gain. In case of Mn unavailability, Cr would just oxidize exclusively and form more

chromia.

Nb containingalloy

Mn, Cr diffusion
(towards the surface)

MnCr,0,

Cr203|:[
Nb(Ti,Cr)0, |™
(Nb,Ti)O, —>B & © P

10z Grain boundaries
A o e contain Nb, Ti
TiO, —>

Alloy 3NbO, (in Cr,05) - 3Nbl,. + Vi + 60F

Figure 4.16: Schematic illustrating that the oxide scale composition and microstructure of Alloy-

NT. Nb* segregation to the chromia scale GBs increases local concentration of Cr

vacancies (V¢;) leading to enhanced transport of Cr and Mn, and consequently higher

weight gain in low pO, gases.

As shown in the previous section, APT revealed similar segregation activities for impurity
elements in all gases implying that the vacancy concentrations and the associated increase in
GB ionic conductivity must also be very similar in both low- and high-pO, gases. The other
factor i.e. higher GB network density must have resulted in higher weight gain in Ar- 0y,
but the TG curves show the opposite behavior, rendering those factors as not decisive as well.

On the contrary, the difference in porosity correlates well with the oxidation rate, so it (and
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Chapter 4 Effect of gas composition on high temperature oxidation

associated in—pore diffusion, either at walls for metal cations or direct for gases) appears to be

the decisive factor.

4.7.2 Carbon transport through Cr,0;

The elemental carbon from carbon-rich gases diffuses rapidly into the base alloy through
protective chromia (in case of chromia formers) and forms carbide precipitates in the alloy

matrix at the vicinity of metal-oxide interface, according to the following equations [105]:

1
COx(gas) = CO(gas) * 2 Oy (gas) (4.5)
2 CO(gas) - COZ(gas) + C(elemental carbon) (4~6)
M(metal) + C(elemental carbon) — MC(metal carbide) (4~7)

This is an indication that activity of carbon at metal-oxide interfaces is reasonably higher
and results in carbide formation. The process of carbide formation in the alloy or at the metal-

oxide interface during oxidation is known as carburization.

Nevertheless, no carbides were observed in the metal matrix, where the carbon amount in
the Ar-CO - COs; is relatively low. Moreover, carbon-sensitive analytical techniques such as
GD-OES and APT did not detect any carbon in the oxide scale or beneath it. This implies
that carbon itself does not play any important role in the oxidation process under low pO,
conditions. At the same time, the presence of carbon-containing gases entails high porosity
of the chromia scale, but the responsible mechanisms remain unclear even with the use of

nanoscale analysis methods in the current study.

Interestingly, in Ar—CO - COy, the entire chromia scale (from spinel-chromia interface to
chromia-niobia interface) possesses pores which vary in size. The pores in chromia at the
proximity of spinel-chromia interface are very fine whereas the pores at the chromia-niobia
are coarser. This may occur due to the partial pressure gradient which exists across the oxide
scale. The spinel-chromia interface being at slightly higher partial pressure gives rise to finer
pores as compared to chromia-niobia interface which has coarser pores due to the compara-

tively lower oxygen partial pressure.
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4.8 Summary

4.7.3 Chromia plate/whisker formation

Earlier studies showed that the presence of water (H;O) in the exposed atmosphere led to
accelerated oxidation during high temperature applications. The H,O molecules act as more
nucleating sites for oxidation to occur and result in very fine oxide structure. Presence of H,O
(in gaseous form) in the exposure gas can notably affect the oxidation behavior of CryOs-
forming materials when compared with that in air or in dry oxygen-based gases. Michalik
et al. [106], have found that the oxidation rate of pure chromium in Ar-H;-H,O is faster
than in air-like gases (Ar—0;). The oxide scale exhibited less tendency to buckle and more

tendency to form whiskers at the surface of the scale compared to Ar-O,.

The interesting observation on the oxide surface morphology in the present work is that the
alloy exposed to high pO; shows globular type morphology, whereas the alloy exposed to low
pO» shows plate-like morphology. Earlier studies report that H,O is the key ingredient for the
formation of plate or whisker type morphology. When Nguyen et al [107] studied Fe - 20 %Cr
alloy in Ar-20%CO; and Ar - 20 %CO; - 20 %H,O0, the latter gas composition showed pro-
nounced plate morphology. The gas Ar - CO; (+H;0) induced formation of fine Cr,O3 grains
and the extent of Cr,03 plate formation was increased as compared to Ar—-CO,. The Cr;03
plates were found to be bi-crystals containing an internal interface (perpendicular to the al-
loy surface) which acts as fast diffusion pathway for Cr and/or Mn. Cross-sectional analysis
showed that different plates grew by the competition between the thickening and lengthen-
ing (maintained by vapor phase deposition). Based on this observation, it was concluded that
H;O0 accelerated plate formation [107]. Contrary to this, in the present research, similar plate
morphology was observed in both low pO, gases (H, —H;0 and CO - CO; containing), which
means partial pressure of oxygen may be more influential in the plate-like morphology for-
mation rather than H,O itself.

4.8 Summary

The oxidation behaviour of the Alloy-NT was studied at 800 °C in three model atmospheres
relevant to the SOFC/SOEC operating conditions, namely Ar - 20 %02, Ar -4 %H; -4 %H,0
and Ar-1%CO -1%CO,. These atmospheres can be classified into high pO; (Ar-20 %0,)
andlow pO; (Ar -4 %H; - 4 %H,0, Ar - 1 %CO - 1 %CO;) ones. The key findings of the present

investigation can be summarized as follows:
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Chapter 4 Effect of gas composition on high temperature oxidation

. The overall weight gain of the samples exposed in low pO; gases is significantly higher

compared to high pO, gas, indicating faster oxidation. The mass transport through the

forming oxide, as a limiting step, controls the oxidation process.

. The oxide scale formed in these gas compositions showed a duplex structure consisting

of outer spinel (MnCr;04) and inner Cr,Os. Besides, an additional thin Nb(Cr, Ti)O; rich

rutile-type oxide layer forms at the metal/oxide scale interface.

. TEM investigations of the chromia subscale, which acts as the key barrier separating the

metal and the atmosphere, revealed formation of dense chromia with fine grain structure
in high pO, atmosphere. On the contrary, low pO; atmosphere results in formation of

the coarser grained and porous chromia layer.

. APT revealed segregation of Mn, Ti and Nb at chromia grain boundaries for all atmo-

spheres in approximately similar amounts. A high pO; level (Ar- O, atmosphere) ad-
ditionally results in substantial accumulation of Mn and Fe impurities inside chromia

grains, which was not observed in low pO; gases.

. Comparison of various factors, potentially affecting the oxidation kinetics, revealed that

the difference in porosity of the chromia layer appears to be responsible for the differ-
ence in oxidation rates, presumably by providing rapid diffusion paths at the pore walls
or directly through pores. Other factors such as bulk diffusion, grain boundary ionic
conductivity or the density of the GB network cannot explain the difference in oxida-

tion rates.

. Carbon from the Ar - CO - CO; atmosphere was found not to enter the oxide scale under

low pO; conditions and therefore not directly influencing the oxidation process, unlike

its reported behavior in high pO; carbon-containing atmospheres.
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Role of minor alloying elements on

high temperature oxidation

This chapter focuses on the investigation of oxidation behavior of Fe-22Cr-0.5Mn based
ferritic steels with different additions of minor alloying constituents. Four steel samples,
including the commercial steel Crofer 22 H, were oxidized using TG at 800 °C in a model
Ar-4%H; -4 %H;0 atmosphere simulating the fuel side of the cell. APT was extensively
used for obtaining atomic-scale insight into the segregation processes in the forming oxide
scale. An additional focus was put on the metal-oxide interface, which is critical for the ox-
ide scale adherence as well as the electrical conductivity of an interconnect. The oxidation

mechanisms are discussed.

5.1 Oxidation Kinetics

Figure 5.1 shows the thermogravimetric data obtained during isothermal oxidation of the
alloys at 800 °C in Ar -4 %H; — 4 %H;0. All the studied alloys exhibited weight gain from the
very beginning (transient oxidation stage). The base Alloy-NTS showed a maximal specific
weight gain approximately equal to 0.18 mgcm~2. When Alloy-T (i.e. Nb and Si were re-
moved from the base alloy) was exposed, the maximum weight gain reduced to 0.13 mgcm~2.
However, for both Alloy—-N and Alloy-NT (note excess Nb content compared to Alloy-NTS)

the weight gain increased significantly.
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Figure 5.1: Thermogravimetric test results acquired during isothermal oxidation of four different
alloys at 800 °C in Ar—4%H;-4%H,0: (a) mass change as a function of the exposure
time and (b) instantaneous apparent parabolic rate constant k() as a function of the
exposure time.

Figure 5.1b shows the instantaneous apparent parabolic rate constants k() calculated from
the mass change data plotted in Figure 5.1a. After an initial transient period of about 10 hours,
the rate constants become virtually time independent, indicating approximate parabolic time
dependence of the oxide scale thickness. This would be expected from the classical oxidation

theory, if transport processes through the oxide are rate determining.
(Am)? =k, -t (5.1)

where Am is the area specific weight gain (mgcm~2) and f is the exposure time (h).
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5.2 Glow discharge optical emission spectroscopy

5.2 Glow discharge optical emission spectroscopy

Figure 5.2 shows the GD-OES elemental depth profiles of various minor alloying elements in
all the investigated alloys. All depth profiles showed Mn enrichment at the surface, suggesting
spinel formation. Though the Mn content in these alloys is in the range 0.4-0.5 at. %, its
concentration on the surface is quite low in case of Alloy-T. Interestingly, titanium peaks
are observed in all Ti-containing alloys (except Alloy—-N in Figure 5.2d). Particularly, the Ti
peak concentration for Alloy-NT at the metal-oxide interface is relatively higher compared
to Ti concentration peaks for Alloy-NTS and Alloy-T. The base alloy (Alloy-NTS) showed
enrichment of several minor alloying elements such as Nb, W, Si and Ti, most likely at the
metal-oxide interface. To retrieve more detailed information on the scale microstructure, the

cross sectional analysis of oxidized samples by SEM and TEM was performed.
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Figure 5.2: Glow Discharge—Optical Emission Spectroscopy (GD-OES) depth profiling of different
alloys oxidized at 800 °C for 72 hours in Ar—4%H;-4%H;0. (a) Alloy-NTS (Cro-
fer 22 H), (b) Alloy—NT (KCL), (c) Alloy-T (Crofer 22 APU) and (d) Alloy-N (KCD).

61



Chapter 5 Role of minor alloying elements on high temperature oxidation

5.3 Electron Microscopy analysis

5.3.1 Scanning electron microscopy (SEM)

SEM was used to examine the surface morphology as well as cross—section after oxidation
in different gas compositions. Figure 5.3 depicts the surface morphologies and cross sections
of the studied alloys as imaged by SEM. The oxides show a plate-like morphology with well-
developed plates for Alloy-NT (Figure 5.3b) and Alloy—-N (Figure 5.3d), whereas this morphol-
ogy just started to develop on the surface of Alloy-T (Figure 5.3c). The cross—sectional SEM
images show an oxide scale consisting of the outermost MnCr; Oy spinel and the inner chromia
layers. Two Nb-containing alloys (Alloy-N and Alloy-NT) exhibit formation of an additional
layer of 100-200 nm thickness between the chromia and the metal matrix. All Ti-containing
alloys exhibit an internal precipitation zone underneath the oxide scale. In addition to the ox-
ide phases, bright regions in Alloy-NTS and Alloy-NT indicate the presence of a Laves phase
of the Fe;Nb-base stoichiometry.

The average thicknesses of the different oxide subscales derived from SEM image analysis
are presented in Table 5.1. It can be concluded that the overall oxide thickness increases after
Nb addition to the alloy, correlating with the observations from the thermogravimetric data
and indicating decrease in oxidation resistance. Comparison of Alloy-N and Alloy—-NT reveals
a qualitatively similar effect of Ti. Si addition to the alloy greatly mitigates the detrimental Nb
influence and eliminates the formation of the additional inner layer between Cr;O3 and the

alloy matrix.

Table 5.1: Thickness (in pm) of the various subscales in the surface oxide formed on the studied

alloys.
Full Scale Spinel Chromia Nb-rich
(outer) (inner) oxide
Alloy-NTS 1.1 0.3 0.7 -
Alloy-NT 3.1 1.8 1 0.35
Alloy-T 1 0.6 0.3 -
Alloy-N 2.1 0.9 1 0.25
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5.3 Electron Microscopy analysis

Surface Cross section

MnCr,0,

Nb-rich oxide layer
Cr,04

Figure 5.3: Surface morphologies (left column) and cross sectional (right column) SEM micrographs
of the alloys exposed for 72 h at 800 °C in Ar—4%H;-4%H,0: (a) and (e) Alloy—NTS,
(b) and (f) Alloy-NT, (c) and (g) Alloy-T, (d) and (h) Alloy—-N.
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5.3.2 Scanning transmission electron microscopy (STEM)

More detailed information on the oxide structure formed in the Ar-H; -H,0 atmosphere
was retrieved by STEM analysis. The results for Alloy-NTS and Alloy-N, which contain all
minor additives, were obtained in bright field imaging mode in conjunction with EDS mapping

and presented in Figure 5.4c.

Nb-rich oxide

alloy

Figure 5.4: Bright—field TEM images of (a) Alloy-N and (b) base Alloy-NTS oxidized for 72 h at
800 °C in Ar—4%H;-4%H;0 and (c) corresponding EDS elemental maps for Alloy—
NTS.

Although a duplex spinel/chromia surface scale with fine—grained structure can be distin-
guished, EDS maps also reveal the presence of spinel grains deeply penetrating into the Cr,03
layer. Additionally, a thin Si-rich layer was found by EDS at the alloy—oxide interface, which

was not recognizable in SEM due to either its lower resolution or a small step formed on the
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5.4 Atom probe tomography (APT)

polished SEM cross—sectional sample around the metal-oxide interface. The region beneath
the oxide scale contains numerous TiO; precipitates (internal oxidation zone) and a few Laves

phase inclusions rich in Nb, Si and W.

Unfortunately, TEM was not able to provide reliable information about the chemistry at the
grain boundaries and phase interfaces, especially when it comes to quantification of segre-
gating species. These microstructural defects serve as fast diffusion paths and may be crucial
for mass transport through the oxide scale and consequently, for understanding the oxidation

mechanisms. To address these issues, atom probe investigations were performed.

5.4 Atom probe tomography (APT)

Though the external oxide consists of duplex microstructure containing outermost (at gas—
scale interface) spinel and inner chromia (at spinel-alloy interface), the oxide growth is gov-
erned by ionic transport through chromia as it forms first during oxidation in the present sit-
uation. Therefore, in APT investigations emphasis has been put on the elemental distribution
in chromia, especially on grain boundary segregation, as well as at the metal-oxide interface,

which is important for the oxide scale adhesion and electrical properties of the oxidized alloy.

5.4.1 Alloy-NTS
A Chromia scale

Figure 5.5a shows APT elemental maps of key impurities detected in the Cr,O3 scale formed
on the Alloy-NTS (base alloy). Mn shows a clear tendency to segregate at chromia GBs and
is also present in local Mn-rich regions with compositions matching MnCr;04 spinel, i.e.
it forms inner spinel inclusions in chromia. Figure 5.5b and Figure 5.5¢ show averaged ele-
mental concentration profiles across chromia GBs and proximity histograms [94] across chro-
mia/spinel interfaces, respectively. Ti and especially Nb segregate to grain boundaries at sub-
stantially lower levels compared to Mn. Si exhibits a weak tendency to GB segregation and
additionally enters, in marginal amounts, into the inner spinel precipitates. Al appears as a

solute element in the chromia grains without any tendency to segregate at the GBs.
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Chapter 5 Role of minor alloying elements on high temperature oxidation

Table 5.2: APT bulk composition of chromia scales formed in different gas atmospheres relevant

to SOFC/SOEC.
O Cr Mn Si Ti Nb Al

Alloys-NTS

57.8 42 0.07 0.02 0.09 0.004 0.004

(base)

Alloys-NT 56.2 419 0.06 0.09 0.8 0.1 0.06
Alloys-T 56.3 427 0.1 0.01 0.7 - 0.04
Alloys—-N 58.7 41.0 0.06 = = 0.1 0.001
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Figure 5.5: APT analysis of the Cr,03 scale thermally grown on Alloy-NTS (base alloy) during ox-
idation at 800 °C in Ar—4%H;-4%H,0: (a) atom maps of Ti, Mn, Si and Nb; (b) ele-
mental concentration profiles across GBs in the chromia scale; (c) proximity histograms
across an interface between chromia and inner spinel grains. The inset shows a magni-
fied view at the same interface to highlight minor impurities.
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5.4 Atom probe tomography (APT)

Table 5.2 summarizes the bulk composition of the chromia phase in all studied alloys, in-
cluding both grains and grain boundaries. All measurements show oxygen deficiency by 2-
4 at. % as compared to the nominal Cr;O3 stoichiometry. Such a deficiency is often observed
in APT analysis of many oxide materials [102, 103], as mentioned earlier, and can be explained
by artifacts originating from the field evaporation process, i.e. not related to any true non-
stoichiometry of the oxide phase. Despite pronounced GB segregation, the total amount of
impurities in chromia is low for Alloy-NTS, not exceeding 0.1 at. % for each element. This may
indicate sluggish bulk diffusion of metal cations through chromia (especially of Mn needed to

form a spinel layer above Cr;0s3) resulting in a relatively lower oxidation rate.

B Metal-oxide interface

Since the electron microscopy analysis revealed formation of additional layers at the metal—
oxide interface of three of the four studied alloys, this region was selected for a further APT
analysis. Figure 5.6 shows combined APT elemental maps for the chromia-alloy interface
for the base Alloy—NTS. The chemical structure around the interface appears complex, with
a substantial accumulation of Nb, Si and Mn (>10 at. % local concentrations) detected in this

region.

Elemental concentration profiles in Figure 5.6b demonstrate that concentration peaks of
these elements are spatially displaced with respect to each other, evidencing formation of
a multilayer nanostructure instead of a usual segregation pattern. A more detailed analysis
reveals formation of a ragged island-like interfacial multilayer, especially for Mn and Si. The
peak Mn concentration indicates possible formation of an interfacial thin MnCr;04 spinel
layer, in addition to inner spinel grains formed inside the chromia scale. Beneath the spinel-
like layer, a few nm thick Si- and O-rich layers emerge with local Si concentrations up to
40 at. %, indicating formation of numerous SiO; phase regions. These SiO; regions do not
form a continuous film separating the oxide scale from the alloy. Beneath the SiO, region
an additional thin layer of an Nb-rich oxide can be distinguished, that contains also minor
additions of W and Ti. Other alloying elements and impurities (Al, La, B and C) were not

detected around the metal-oxide interface.
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Figure 5.6: APT analysis of the oxide-alloy interface region in Alloy—NTS (base alloy) after oxida-
tion at 800 °C in Ar—4%H;-4%H,0: (a) combined atom maps for the chromia-alloy
interfacial region; (b) 15 at. % Si iso—concentration surface delineating the net-like SiO,

layer forming at the metal-oxide scale interface; (c) proximity histograms across the
interface for major and minor alloying elements.

5.4.2 Alloy-NT

A Chromia scale

Figure 5.7 shows APT atom maps of the inner (chromia) scale. The bulk chromia composition

presented in Table 5.2 shows that the main impurity in chromia is Ti, which amounts to 0.8
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5.4 Atom probe tomography (APT)

at. %. The Ti concentration in the grain interior was slightly lower (approximately 0.6 at. %)
than at the GBs. Additionally, segregation of Nb and Mn were also detected.

All O Cr Si

Figure 5.7: APT atom maps for the inner chromia scale formed on Alloy-NT after isothermal oxi-
dation at 800 °C in Ar-4%H, - 4%H,0 for 72 hours.

In spite of low Si concentration in the investigated alloy (Table 3.1), it was observed in
the chromia scale with an average concentration of approximately 0.08 at. %. However, the
segregation pattern is quite different compared to that of the other elements. Si does not appear
on all GBs, but instead displays an island-like segregation pattern as shown in Figure 5.7.
Detailed analysis of the APT data reveals that at least a fraction of Si-rich islands exhibit SiO,

stoichiometry without any notable impurities.

A small sub—volume consisting of three adjacent chromia grains was extracted from the
presented dataset and analyzed in detail for better insight into the segregation behavior. Fig-
ure 5.8a shows dissimilar GB segregation of Nb, Ti, Mn, Si and Al. The concentration of seg-
regated elements at the different GBs as well as in the grains varies. Figure 5.8b depicts the
concentration variation across these three GBs and grains. On average, 0.8 at. % and 2.6 at. %
of Ti is present in chromia grains and GBs, respectively. Slight overestimation of Ti content in

grains over its bulk concentration (Table 5.2) value ensues here due to the overlap of O;"* and
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Chapter 5 Role of minor alloying elements on high temperature oxidation

TiO"* peaks in the mass spectrum, which was not deconvoluted in the concentration profiles.
Nevertheless, the overlap is relatively small and does not essentially affect the Ti quantifica-
tion from APT data. Similarly, 0.1 at. % and 1.2 at. % of Nb are present in chromia grains and
at GBs, respectively. Mn also exhibited qualitatively similar behavior, but its maximum con-
centration is only 0.4 at. %. In the case of Al, no similar segregation pattern was found, rather
it is present in some chromia grains and absent in others. It is also clear that Si appears as GB

segregating element and also as Si-rich oxide particle formed in the chromia scale.
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Figure 5.8: APT analysis of a GB region in chromia scale formed on Alloy—NT oxidized isothermally
at 800 °C in Ar-4%H;-4%H,0 for 72 h. (a) Atom maps of impurities present in the
GB region showing dissimilar segregation behavior. (b) Elemental concentration profiles
across the GBs..

B Metal-oxide interface

Figure 5.9 shows the results of APT analysis of the oxide-metal interfacial region. From
the bulk compositional analysis (see Table 5.2), the stoichiometry of the Nb-rich oxide layer
formed at the Cr;O3-alloy interface is Nb(Ti, Cr)O,. In addition to the oxide-alloy interface, it

also shows a GB in the oxide phase enriched with Mn (Figure 5.9a) with a peak concentration
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5.4 Atom probe tomography (APT)

of approximately 0.4 at. % (Figure 5.9¢c) and no other elements segregate here. At the oxide—
alloy interface (Figure 5.9d), only Si segregation is observed with a peak concentration of
approximately 1.5 at. % (Figure 5.9¢). Nevertheless, no SiO; layer or inclusions were observed

at the interface in this alloy, unlike the SiO,-rich Alloy-NTS.
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Figure 5.9: APT analysis of the oxide/alloy interface region in Alloy-NT after isothermal oxidation
at 800 °C in Ar-4%H;-4%H,0 for 72 hours. (a) A combined atom map for major
elements from the regions near the interface between oxide and alloy. (b) Magnified
interfacial region from (a) with atom maps for Nb, Ti and Si. (c) Concentration profile of
Mn across the GB in the oxide scale. (d), (e) Proximity histograms across the oxide/alloy
interface for major alloying elements and Si, respectively.

5.4.3 Alloy-T

A Chromia scale

Figure 5.10 shows the results of the chromia scale formed in Alloy-T, and the individual
atom maps show that both Ti and Mn segregate to chromia GBs. Moreover, Ti is also soluble in
the chromia grains. The quantitative analysis determines the concentration of these impurities.
Figure 5.10b shows that about 1.4 and 0.6 at. % of Ti and Mn respectively, are present as GB

segregants. Approximately 1 at. % of Ti is dissolved in the chromia scale in the given alloy,
whereas Mn showed almost no solubility.
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Figure 5.10: APT analysis of the chromia scale on Alloy-T (without Nb and Si) oxidized isothermally
at 800 °C in Ar—4%H;—-4%H,0 for 72 hours. (a) Atom maps of alloying elements
present in Cr,O3 and (b) concentration profiles across a grain boundary for primary
segregants (Ti and Mn).

B Metal-oxide interface

Compared to other alloys, Alloy-T (without Nb and Si) showed a direct junction of the chro-
mia scale and alloy matrix, as can be seen from Figure 5.11. Continuous Ti segregation with
a peak concentration of 2.5 at. % was detected at the interface. Neither segregation of other
elements nor precipitation of other phases was found at the interface or in its vicinity. Inter-
mittent Mn-rich regions were observed in the chromia scale close to the interface, indicating

possible presence of inner spinel precipitates.
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Figure 5.11: APT analysis of the chromia—alloy interface region in Alloy-T (without Nb and Si) after
72 h oxidation at 800 °C in Ar—4%H;-4%H,0: (a) a combined atom map and (b)

proximity histograms across the chromia-alloy interface. A magnified inset highlights
Ti segregation at the interface.

5.4.4 Alloy-N

A Chromia scale

The chromia scale was analyzed using APT and the results are shown in Figure 5.12. The
atom maps (Figure 5.12a) show GB segregation of Nb and Mn in the chromia phase. Elemental
concentration profiles built across chromia GBs (Figure 5.12b) show substantial GB enrich-

ments for Nb and Mn of 0.8 and 0.3 at. %, respectively.

Aluminum was detected predominantly as a non-homogeneous solute in grain interiors,
exhibiting no tendency to GB segregation. La, B and C were not found in the chromia either
as solute impurities or at grain boundaries.
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Figure 5.12: APT analysis of chromia scale on Alloy-N (without Ti and Si) oxidized isothermally at

800 °C in Ar—4%H;-4%H,0 for 72 h. (a) Atom maps of alloying elements present
in Cr,03 (Nb and Mn) and (b) concentration profile of grain boundary segregants (Nb
and Mn) for the Cr,O3 phase.
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Figure 5.13: APT analysis of the oxide-alloy interfacial region in Alloy-N (without Ti and Si) af-

ter 72 h oxidation at 800 °C in Ar—-4%H;-4%H,0: (a) atom maps demonstrating
formation of a (Nb, Cr)O; layer next to the alloy; (b) proximity histograms across the
metal-oxide interface showing weak Si segregation.
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B Metal-oxide interface

Unlike the base alloy (Alloy-NTS), the two other Nb—containing alloys (Alloy-NT and
Alloy-N) form a thick continuous Nb-rich oxide between chromia and alloy. Figure 5.13
presents an elemental map for the interfacial region and corresponding concentration pro-
files across the oxide-alloy interface for Alloy-N. APT reveals this oxide layer stoichiometry
being close to NbO; rutile phase with partial substitution of Nb with Cr. Si was found at the in-
terface as weak homogeneous segregation, i.e. no interfacial SiO; layer forms in these Si-lean

alloys.

Other minor alloying elements (Al and La) were not detected in (Nb, Cr)O; oxide or at the
metal-oxide interface. An additional noticeable feature in the NbO;-base layer is the presence

of Mn enrichment at grain boundaries, with occasional appearance of inner spinel precipitates.

5.5 Discussion

5.5.1 General considerations of GB influence on the oxidation behavior

As mentioned above, earlier studies of the oxidation behavior of high-Cr ferritic steels
concluded that chromia is the first oxide scale forming on the alloy surface under high-
temperature oxidation [108]. This determines the key role of chromia GBs for further oxide
scale growth and the formation of the spinel layer. In particular, both inward diffusion of oxy-
gen and outward diffusion of metal species can be strongly influenced by creating defects in
the host lattice [20]. Substitution of the host ions (Cr**) at GBs with segregating ions of differ-
ent charge states either promotes the formation of vacancies due to the necessity to maintain
charge neutrality or alters the space—charge distribution [109, 110] and can eventually accel-
erate the mass transport. To understand the mechanism of the segregation effect, not only the

types but also the amounts of segregating species need to be analyzed.

Beside the elemental segregation, the density of the grain boundary network also directly
affects the mass transport, since it determines the amount of fast diffusion paths. A denser
GB network provides higher total diffusion flux and must entail faster oxidation rate in the
present case of the diffusion—controlled oxidation process. Comparison of chromia grain sizes
for the alloys reveals however the opposite (see TEM in Figure 5.4b): the Alloy-NTS sam-
ple with smaller chromia grains (denser GB network) shows essentially slower oxidation in
comparison to the larger—grained sample of the Alloy-NT. It should be also mentioned that

chromia formed in Ar -4 %H; -4 %H;0 atmosphere shows quite low porosity for all alloys,

75



Chapter 5 Role of minor alloying elements on high temperature oxidation

rendering this factor irrelevant to the observed dependency of the oxidation rate on the alloys
composition. On the other hand, GB segregation behavior in chromia varies substantially with
the composition, thus indicating the dominating role of the GB ionic conductivity, which is

discussed below.

Table 5.3: Gibbsian interfacial excess values G; for grain boundary segregation in the chromia

scale.
Interfacial excess ) Summary
Mn Ti N
at/nm? (Mn+Ti+Nb)

Alloy-NTS 24 06 04 3.4
Alloy-NT 1.2 11 6 18.2
Alloy-T 16 5 - 6.6
Alloy-N 1.0 - 6 7

5.5.2 Quantification of GB segregation from APT data

Calculation of the Gibbsian interfacial excess Gj, i.e. the number of segregating atoms of the
element 7 per GB unit area, represents a convenient and physically explicit way for quantifying
and comparing GB segregation [111]. Interfacial excess values can be easily derived from APT
data [112, 113] and, apart from that, are less affected by the data analysis artifacts as compared

to other usual metrics, e.g. peak elemental concentrations at GB.

Table 5.3 summarizes the Gibbsian interfacial excess values G; for the key elements segre-
gating at chromia scale GBs. At least three grain boundaries were used to calculate G; for each
element in each alloy, and the average value was taken. G; values reveal substantial variations
in segregation activity of the same element, with the most significant difference observed for
Ti and Nb between Alloy-NTS and the other alloys.

Comparing the summary interfacial excess values with the densest cationic planes in the
corundum type Cr,03 phase (~ 10 at/nm? at the (110) plane) and considering that a random
GB generally has a lower cationic density, it can be concluded that the summary interfacial
excess approaches or even exceeds (at least for Alloy-NT) a monolayer GB coverage, which

must essentially alter the microstructure and properties of the GBs.
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5.5.3 Elemental diffusion through the chromia scale

As discussed above, Nb in the chromia scale must appear as aliovalent Nb** or Nb>* ions un-
der the given oxidation conditions. Replacement of Cr** with aliovalent Nb ions was assumed
to engender formation of GB cation vacancies in order to maintain charge balance, which ac-
celerates the outward diffusion fluxes of metallic ions, especially of Mn needed to form the
top spinel layer. This mechanism can explain the high oxidation rate of Nb—containing alloys:
Alloy-N and Alloy-NT indeed demonstrate high Gy, values, i.e. high segregation activity
of Nb. The slowly oxidizing base Alloy-NTS shows the extremely low Gy at chromia GBs,
probably due to the intensive Nb consumption for Laves phase formation in presence of Si [27]
(visible in TEM in Figure 5.4b). The lowest oxidation rate of the Nb-free, Alloy-T also aligns

with the proposed mechanism.

A similar influence on the vacancy formation in chromia and eventually on the oxidation
rate could be expected from titanium, once Ti ions also possess charge state of at least 4+ in
the entire oxide scale (TEM-EDX shows formation of TiO, precipitates underneath the metal-
oxide interface). Moreover, Ti was also found within chromia grains with concentrations up to
0.8 at. %, which must generate bulk vacancies via the Wagner—-Hauffe doping [20] and thereby
additionally contribute to the ionic mass transport through the chromia scale. Nevertheless,
Alloy-N exhibits much faster oxidation than Alloy-T despite the very close Gy, and Gr;
values, see Table 5.3. This observation indicates that the GB doping with aliovalent ions does

not fully explain at least the effect of Nb.

Since GB coverage with segregating Nb and Ti reaches or even exceeds a monolayer thick-
ness, as discussed above, one can assume formation of a thin GB layer with a local atomic
environment corresponding to another phase rather than Cr;Os. Earlier studies discovered
the existence of the rutile-type CrNbO,4 phase with a wide cationic concentration range [114].
Involvement of a substantial amount of Cr for the phase formation must expand its volume
to two or more atomic layers, rendering alteration of the local atomic environment at GBs
more likely. The inner NbO;-base rutile layer detected in Alloy-N and Alloy-NT shows a
relatively high—Cr concentration (up to 10 at. %), which aligns with the wide range of Cr sol-
ubility in the rutile phase. Besides, the alloys forming this additional oxide layer demonstrate
high oxidation rate, indicating high permeability of the rutile phase for metallic cations. If an
off—stoichiometric rutile-type local environment forms at the chromia GBs, this may acceler-
ate GB diffusion more aggressively than the Wagner—Hauffe doping. To prove the viability of
this mechanism, an accurate high-resolution TEM analysis of the GB regions could be helpful

in the future.
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Mn forms aliovalent ions of 2+ charge state in the chromia layer, since this charge state is
characteristic for the topmost MnCr; 04 spinel with the highest pO, level, i.e. with the highest
possible charge state in the oxide scale. In terms of GB vacancy formation, this should counter-
weigh the effect of Nb and Ti. Most notable here is the base Alloy-NTS, where Mn segregation
at GBs exceeds that of Ti and Nb together (Gpy,, > Gri + Gnp), which should reverse the charge
balance at GBs towards positive charge deficiency. This can be mitigated by partial removal
of negative charge, i.e. by creation of oxygen vacancies, promoting inward oxygen transport
instead of outward cation diffusion. This mechanism may explain the small thickness of the
outer spinel layer in Alloy-NTS (due to slow outward Mn diffusion) as well as appearance of
small chromia grains in the vicinity of the metal-oxide interface (fast O?~ diffusion promotes
inner nucleation of Cr;0s3), which are distinguishable in TEM and even in APT by the GB
segregation pattern (see Figure 5.11a). Slow Mn diffusion is also possibly responsible for the
extensive formation of the inner spinel grains in Alloy-NTS due to accumulation of Mn at
grain boundaries (the highest Gy, value among all alloys) with further nucleation and growth

of the MnCr;04 phase in the inner regioon of the chromia.

5.5.4 Intermittent oxide phases between chromia and alloy

The Nb—containing alloys (Alloy-NT and Alloy-N) were found to form substantially thicker
oxide scales compared to the Alloy-NTS and Alloy-T. The effect is partly related to the for-
mation of an additional Nb-rich oxide at chromia-alloy interface. For unit metal activities,
the oxides in equilibrium with Nb and Cr are NbO and Cr,0Os, respectively. The dissociation
oxygen partial pressures (pO,) of these oxides at 800 °C equal to 1073 atm and 10?7 atm,
respectively [47]. Since the metal activities in the alloy are generally less than unity, these
values appear underestimated. Additionally, under the given Nb activity, NbO, will become
thermodynamically more stable than NbO [47]. Assuming in the first approximation that the
metal activities are close to their mole fractions in the alloy matrix, the activities for Cr and
Nb would be 0.2 and 0.001, respectively. Besides, the pO, for the equilibrium NbO/NbO; at
800 °C equals to 1027 atm, being quite close to the dissociation pressure of chromia for unit
metal activity. This explains why an NbO; rather than an NbO type oxide is formed at the
scale/alloy interface in Alloy-NT and Alloy-N. An earlier study also showed that Nb oxidizes
beneath the chromia scale in high-Cr ferritic steels [48]. The stoichiometry and structure of
the Nb-rich oxide layer indicates the 4+ oxidation state of Nb in the inner oxide scale regions.
In the outer part of the oxide scale, Nb can also exist as 5+ ions as the dissociation oxygen
partial pressure of Nb,O5 to NbO; at 800 °C is 10-22 atm, which is lower than the equilibrium
oxygen partial pressure of the test gas (Ar -4 %H, — 4 %H,0, 1071 atm).
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After the formation of the Nb-rich oxide layer, the further growth of chromia and Mn-
Cr spinel (MnCr;0y) in the outer part of the scale requires diffusion of Mn and Cr through
this underlying oxide. Mn can efficiently diffuse through the chromia layer via its GBs, as
directly demonstrated by APT in Alloy-NT (Figure 5.9a) and in Alloy-N (Figure 5.13a). Cr
can diffuse through GBs as well as through the bulk of the Nb-rich oxide, as indicated by a
relatively high—Cr concentration in this layer: 6 at. % in Alloy-NT and 9 at. % in Alloy-N.
Alloy-NTS also forms a thin Nb-rich oxide layer, as indicated by the Nb concentration peak
at the metal-oxide interface (see Figure 5.9d), but high Nb consumption by the Laves phase

limits its thickness to only a few nm.

Analysis of the interfacial region in Alloy-NTS reveals also the formation of an additional
Si-rich oxide layer. A continuous SiO; layer at the metal-oxide interface is considered being
strongly detrimental for the interconnect performance in an SOFC/SOEC due to its high elec-
trical resistivity. TEM—-EDS analysis indeed shows an apparently continuous Si-rich oxide at
the interface (Figure 5.4c). APT analysis confirms the SiO; stoichiometry of these Si-rich re-
gions but reveals its net-like morphology with only partial interface coverage (see Figure 5.6b).
Open windows in the SiO; layer should provide the necessary electrical conductivity after oxi-
dation, thus not restricting an interconnect plate made of this alloy to function as a current col-
lector in fuel/electrolysis cell devices. Nevertheless, the interfacial coverage with SiO, turned
out to be quite high, indicating the Si concentration of 0.42 at. % in Alloy—-NTS (commercial

Crofer 22 H) as potentially being close to the maximum acceptable level.

5.5.5 Reactive element effect

An additional comment should be made on the role of La as a reactive element. As men-
tioned earlier, previous studies concluded that it has a positive influence on the oxide scale
adherence on many high-Cr steels [29]. The assumed explanations for the La effect were (1)
its segregation at the metal—-oxide interface and thereby direct alteration of the adhesion prop-
erties and (2) binding detrimental impurities, first of all sulfur, inside the cast alloy. La was
added to three of the studied alloys in order to directly check the former assumption by APT.
Peaks of La or LaOy ions in the APT mass spectra must reside not overlapping with other
ions, so La detection was expected to be easy. Nevertheless, no La was found in any part of
the oxide scale, at the metal-oxide interface or in the alloy directly beneath the interface. This

observation rules out the first mechanism of direct interfacial segregation for La.
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5.6 Summary

A detailed APT analysis of four high-Cr ferritic steels of the regions influencing the dif-

fusion through the oxide scale (chromia and metal-oxide interface) revealed the determining

role of GB segregation in the oxidation processes, and established relationships between the

composition, the microstructure and oxidation behavior. The main conclusions can be formu-

lated as follows:

1. Mn, Ti and Nb actively segregate at chromia GBs. Gibbsian interfacial excess G; values

indicate a monolayer or higher GB coverage with Nb+Ti in alloys with low Si amount.
Substitution of the host Cr** ions with higher—charged Nb**/Nb>* and Ti** ions (Wagner-
Hauffe doping) can promote formation of cationic vacancies, thereby accelerating out-
ward cation diffusion along GBs and eventually increasing the oxidation rate. Neverthe-
less, the vacancy formation mechanism cannot solely explain the much stronger effect
of Nb compared to that of Ti, indicating possible alteration of GB structure in presence

of Nb with further changes in their diffusion properties.

. Addition of Si promotes Laves phase formation, which actively binds Nb and prevents it

from entering oxide phase (into both lattice and GBs), thereby providing a low oxidation
rate for Alloy-NTS. However, Si amount of about 0.4 at. % in the alloy causes formation
of a net-like SiO, layer at the metal-oxide interface, which may become continuous at

higher Si levels and therefore critical for the electrical properties of the interconnects.

. GB segregation of lower charged Mn?* ions mitigates the effect of Nb and Ti ions. A

relatively high Gibbs interfacial excess of Mn (Gy,) in comparison to Gy, + Gr; (Alloy—
NTS) exhibit slow oxidation, which may be explained by lower concentration of cation
vacancies and even the counter—formation of oxygen vacancies promoting inward O
diffusion. This results in slow growth of the outermost spinel layer and formation of

inner spinel grains (due to slow outward Mn diffusion) in Alloy-NTS.

. Nb-containing alloys with low Si content exhibit an additional rutile-type Nb(Cr, Ti)O;

layer between chromia and metal matrix. This layer does not inhibit outward diffusion
of Mn (proceeding through GBs) and Cr (proceeding through GB and bulk) necessary to
form the main chromia/spinel scales. Higher Si addition binds Nb and makes this layer

disappear.
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5.6 Summary

5. La (reactive element) was not detected in the oxide scale as well as around the metal—-
oxide interface for all La—containing alloys, ruling out mechanism of direct interfacial

segregation for La.
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Internal oxidation

This chapter is focused on the internal oxidation zone (IOZ) formation in various Crofer fam-
ily steels, particularly on the chemistry of internal oxide particles and their interface with the
metal matrix. Also the role of partial pressure of oxygen on the internal oxidation was consid-
ered. Particular focus was put on the role of alloy grain boundaries, oxide particle chemistry

and the subsurface strengthening mechanisms are discussed.

6.1 Scanning electron Microscopy (SEM)

Figure 6.1 shows the cross—sectional scanning electron microscopy images performed on all
four alloys investigated in this research. These alloys show the duplex nature of an external
oxide, containing outermost spinel and inner chromia scale. Additionally, internal oxidation
zone (I0Z) consists of oxide particles (dark spots) are observed in various sizes and shapes,
except for Alloy-N, as it is the only alloy which is free of Ti. Therefore, it can be concluded that
Ti is the key element involved in the formation of internal oxide particles. Alloy-NT possesses
the highest concentration of Ti (about 0.17 at. %) compared to other alloys. It is interesting
to note that the Alloy-NT showed pronounced internal oxidation, since the density of the
internal oxide particles is higher compared to other alloys. Therefore, emphasis has been put

on characterizing the internal oxide particles present in the Alloy-NT using TEM and APT.
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6.2 Transmission electron Microscopy (TEM)
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Figure 6.1: SEM micrographs of the cross sectional samples from different alloys oxidized at 800 °C
for 72 hours in Ar—4%H;-4%H,0. (a) Alloy-NTS (Crofer 22 H), (b) Alloy-NT (KCL),
(c) Alloy—T (Crofer 22 APU) and (d) Alloy-N (KCD). All images are shown at same mag-
nification. The alloys’ names given in the parenthesis refer to their designations in com-
mercial use or in the lab as well as in our earlier publications.

6.2 Transmission electron Microscopy (TEM)

Figure 6.2 shows TEM characterization of Alloy-NT with high magnification view of inter-
nal oxidation zone (IOZ) in Figure 6.2b. Based on the EDS analysis of the IOZ, it can be con-
cluded that the presence of both Ti and Nb results in fine internal oxide particles of (Nb, Ti)O,
stoichiometry which are non-spherical at the vicinity of metal oxide interface. As the depth
increases, Nb content in these particles decreases, and solely round TiO; are observed. This is
due to the fact that partial oxygen pressure required for Nb to form oxides is relatively higher

(can be inferred from Ellingham diagram in Chapter 2) compared to Ti to form TiO,.
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Figure 6.2: Bright—field TEM images of Alloy-NT oxidized at 800 °C for 72 hours in
Ar—4%H;-4%H;0. (a) Low magnification and (b) corresponding high magnification
image showing metal-oxide interface and the internal oxidation zone.

Moreover, high magnification TEM image in Figure 6.2b showed two different sized pre-
cipitates, which are marked as regions 1 & 2. Region 1 shows coarse oxide particles, whereas
region 2 shows fine oxide precipitates (dark spots), both embedded in the metal matrix. As the
metal matrix (lattice) and the matrix—oxide particle interface acts as pathway for the ingress

of oxygen, these local regions must be analyzed, and APT was used for this purpose.

6.3 Atom probe tomography (APT)

Figure 6.3a shows the results of APT analysis of internal oxide particle formed at the alloy
grain boundary (region 1 in Figure 6.2). The oxide particles consist mainly of Ti, Nb and
O of Ti,Nb, O, stoichiometry where x > y. The metal-oxide particle interface showed the
presence of about 1 at. % of Si, 0.5 at. % of B and < 0.2 at. % of C. The presence of nonmetallic
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alloy impurities such as B and C are clearly evident from the APT mass spectrum at mass—to—

charge ratios 11 and 12 (main isotopes) respectively as shown in Figure 6.3b.
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Figure 6.3: APT analysis of an inner Ti-rich oxide particle (Region 1 in Figure 6.2b) in Alloy—-NT
after isothermal oxidation at 800 °C in Ar -4 %H; -4 %H,0 for 72 hours. (a) Alloy/oxide
particle interface with atom maps of major (Fe, Cr, Nb, Ti) and minor (Si, Mn, Al, B
and C) alloying elements. (b) Mass spectrum showing the presence of impurities, such
as B and C at the alloy/oxide particle interface. (c) Proximity histogram built across

the alloy/oxide particle interface for major alloying elements and (d) for minor alloying
elements.

The chemical segregation at grain boundaries in the alloy (in Figure 6.4a) as well as in the
oxide particle (Figure 6.4b) were analyzed. The alloy GB enriched with Cr, Nb and Ti (in
marginal amount) indicates the active diffusion of oxide forming elements through the alloy
GB towards the oxide scale. Solubility of titanium in the alloy is slightly higher compared to
Nb whereas the segregation of Nb at alloy GB is three times higher than Ti, indicating that Nb
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diffusion is more intensive. This correlates with the formation of a continuous Nb-rich oxide

layer rutile-type Nb(Ti, Cr)O; was observed just above the alloy (at chromia—-alloy interface).
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Figure 6.4: Concentration profiles from APT measurement for (a) alloy grain boundary and (b) oxide
particle grain boundary.

The oxide particle containing GB appears to have a complex structure as it showed segre-

gation of several minor alloying elements and impurities (Cr, Al, Mn, Fe, C and Si) Figure 6.4b.

Surprisingly, C segregation appears both at the metal matrix—oxide particle interface and
oxide particle GB. Quantitatively, the amount of C segregation at metal matrix—oxide particle

interface (Figure 6.3d) and oxide particle GB (Figure 6.4b) is similar (both < 0.1 at. %).

In addition to internal oxide particles (Region 1 in Figure 6.2b), smaller oxide precipitates
(Region 2 in Figure 6.2b) in the metal matrix were also characterized using APT (they were
not identified by other methods on these materials due to their very small size). Figure 6.5a
shows the atom maps containing internal oxide precipitates which are formed during high
temperature oxidation in Ar -4 %H; — 4 %H,0 at 800 °C for 72 hours of exposure. Two phases
are observed in the presented dataset; i) internal oxide precipitates consisting mainly of O, Ti
and Nb and ii) the metal matrix (Fe-Cr base alloy). The composition analyzed by building a
proxigram (proximity histograms shown in Figure 6.4b—c) across the oxide precipitates—metal
matrix interface, shows that their chemical composition is nearly identical to big internal oxide
particles, TiyNb,O, (where x > y).
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Figure 6.5: APT atom maps of subsurface layer containing small oxide precipitates (Region 2 in Fig-

ure 6.2b). Proxigram for the matrix and inner oxide precipitates interface for (a) primary
elements and (b) minor elements.

Figure 6.5b shows a proximity histogram across the metal matrix—oxide particles interface
for primary elements like Fe, Cr, O, Ti and Nb, whereas Figure 6.5c shows that for minor
elements like Al, Mn and Si. The existence of these internal precipitates at the subsurface

can efficiently strengthen the region by precipitation—strengthening mechanism (bigger and
scattered oxide particles are not efficient for this).

Interestingly, in addition to these oxide precipitates, Nb-rich oxide clusters were observed

in the matrix as shown in Figure 6.6. Unfortunately, it cannot be concluded whether these
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nanoclusters really exist at high temperatures or they are formed during cooling the sample

to room temperature.
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Figure 6.6: A small sub—volume of the Nb-rich nanoclusters as shown in Figure 6.5(a) and (b) Atom
maps of oxygen and niobium respectively and (c) proximity histogram profiles for Fe,
Cr, Nb and O. The inset figure highlights the Nb-rich oxide most likely of NbO; stoi-
chiometry (as oxygen deficiency is an inherent artifact of APT).

6.4 Thermodynamic considerations

The precipitates in the internal oxidation zone mainly contain niobium and/or titanium
oxide. While close to the metal-oxide interface the precipitates are rich in niobium, with in-
creasing depth the titanium concentration increases until eventually the precipitates contain
solely TiO;. This depth dependence can qualitatively be explained by the relative differences
in thermodynamic stability of the various oxides. Using the software package Thermocalc, in
combination with the database TCFe8, the activities of Cr, Nb and Ti at 800 °C in the pre-
vailing alloy are found to be 4.88 x 10-1, 2.51 x 103 and 6.42 x 105 respectively. Using the
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database FACT in FACTSAGE reveals that for these metal activities the dissociation pressures
of chromium oxide, niobium oxide and titanium oxide are 8.2 x 1028, 5.5 x 1027 and 4 x 10-35
bar respectively, suggesting that Ti can be oxidized at a depth where niobium oxide is no longer

thermodynamically stable.

Titanium in the alloy is oxidized predominantly internally due to its low activity on the
alloy surface in the experimental conditions and higher negative free energy than Cr,O3 or
Si0; (AGrio, (-750.4 kJmol ™) < AGsio, (-717.5 kJmol™!) < AGcr,0, (-568.3 k] mol 1)) [24].

6.5 Influence of gas composition

The extent of internal oxidation is less pronounced in Ar - 20 %O, than in Ar - 4 %H; - 4 %H,0
(Figure 4.8). This could be explained by a mechanism proposed earlier [115] in similar gas com-
positions that the hydrogen taken up by the alloy during the exposure in low pO; gas modifies
internal oxidation e.g. by affecting oxygen solubility and/or diffusivity or transport processes
at interfaces between internal oxide and the alloy. An alternative explanation would relate to
the growth rate of the external scale. If, at least during a certain time, the growth rate of the
external scale formed in Ar - 20 %0, is slower than that in Ar-4 %H; -4 %H,0 (Figure 5.1),
subscale chromium depletion would be higher and thus the chromium interface concentration
will be lower in the latter gas. Correspondingly, the oxygen activity at the metal-oxide inter-
face will be lower in case of Ar—Hj;-H,0 than in Ar-0;. This would qualitatively explain
the observed differences in the extent of internal oxidation. However, further studies will be
needed to determine if one of these mentioned mechanisms is responsible for the experimental

findings.

6.6 Summary
Internal oxidation zones of one of the Crofer based steels (Alloy-NT) were successfully

analyzed, and the results are summarized as follows:

1. Presence of Tiin all the studied alloys causes formation of TiO,-base particles in internal

oxidation zone (I0Z).

2. Nb addition to Ti-containing steels results in its partial internal oxidation, as Nb and Ti

together form (Nb, Ti)O; type oxide particles of two size classes (big particles > 100 nm
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and small precipitates < 20 nm). These small oxide precipitates can provide additional

subsurface strengthening for the base alloy.

3. Non-metallic alloy impurities such as boron and carbon preferentially segregate at alloy
GBs and oxide particle GBs, respectively, in addition to their segregation at alloy—oxide

particle interface.
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Conclusion

A detailed investigation of the thermally grown oxide scales formed on four high—Cr ferritic
steels, including commercial Crofer 22 H in three model atmospheres relevant to the SOCs
operating conditions, namely high pO, (Ar-20%0,) and low pO, (Ar-4 %H; -4 %H,0,
Ar-1%CO -1%CO,) atmospheres at 800 °C was performed. The microscopic regions respon-
sible for the mass transport through the oxide scale (chromia and metal-oxide interface) were
studied using atom probe tomography in conjunction with other methods. The relationships
between the composition, microstructure and the oxidation behavior were established based
on the determining role of GB in the oxidation processes. The main findings of the present

investigation can be summarized as follows:

i) Gas composition

The total weight gain of the steel samples subjected to low pO; gases is significantly higher
compared to high pO, gas, indicating lesser oxidation resistance. Oxidation rate in all the gas
compositions obeys parabolic kinetics, i.e. mass transport through the oxide scale controls
the oxidation process. Phase analysis reveals the duplex oxide structure consisting of outer
spinel (MnCr;04) and inner Cr,Os. The subsurface Cr;0s3 layer, which acts as the main barrier
disconnecting the metal from the atmosphere, shows fine, equiaxed grain structure in high
pO, atmosphere. On the contrary, formation of coarse, elongated grains of porous chromia
layer in low pO, atmospheres is evident. Additionally, a thin Nb(Cr, Ti)O; rich rutile-type
layer forms at the metal-oxide interface in Nb—containing alloys. APT revealed segregation
of Mn, Ti and Nb at chromia grain boundaries for all atmospheres in approximately similar
amounts. Moreover, exposure in Ar-0O; results in substantial accumulation of Mn and Fe
impurities in chromia grain interiors, which was not observed in low pO, gases. Analysis
of various factors, that are potentially responsible for the oxidation resistance in different gas

compositions, revealed that the porosity difference in the chromia scale can be a decisive factor,
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probably by providing rapid diffusion paths at the pore walls or directly through pores. Other
factors such as bulk diffusion, grain boundary ionic conductivity or the GB network density
cannot explain the observed difference in oxidation rates. The reason for different porosity
in different gases cannot unfortunately be established with the characterization approaches
used in the present work. It is important to note that the carbon from low pO; Ar-CO-CO;
atmosphere does not enter the oxide scale and therefore carbon is not directly influencing the

oxidation process.

i) Alloy composition

The minor alloy constituents of all the investigated steels such as Mn, Ti and Nb actively
segregate at chromia GBs during oxidation. In the alloy with low Si content (Alloy-NT), the
Gibbsian interfacial excess G; values indicate a monolayer or even higher GB coverage with
Nb+Ti. Substitution of the host Cr** ions with aliovalent ions of higher—charged Nb**/Nb>*
and Ti** ions (Wagner-Hauffe doping) can enhance cationic vacancies formation, resulting in
accelerated outward diffusion of cations along GBs and eventually decreasing the oxidation re-
sistance. However, the vacancy formation mechanism cannot solely explain the much stronger
effect of Nb compared to that of Ti, suggesting possible modifications of GB structure in the
presence of Nb which further changes the diffusion properties. The GB segregation of lower
charged Mn** ions alleviates the negative effect of Nb**/Nb>* and Ti*" ions. A relatively high
Gibbs interfacial excess of Mn (Gpr,) in comparison to Gyp + Gr; in Alloy-NTS (exhibiting
slower oxidation) can suppress formation of cation vacancies and cause counter—formation of
oxygen vacancies favoring inward diffusion of O?~ ions. This results in slow growth of the
outermost spinel layer (thinner spinel) and nucleation of inner spinel grains in Alloy-NTS
due to sluggish outward diffusion of Mn. Nb-containing alloys with marginal Si concentra-
tion (Alloy-NT and Alloy-N) exhibit an additional rutile-type oxide layer (Nb(Cr, Ti)O; and
Nb(Cr)O;) between chromia and metal matrix. This layer does not impede outward Mn dif-
fusion (via GBs) and Cr (via GBs as well as lattice), which is essential to form the main chro-
mia/spinel scales. Addition of Si to the alloy aids in Laves phase formation, which actively
binds Nb and prevents it from entering oxide phase (both lattice and GBs), thus providing
good oxidation resistance for Alloy-NTS. However, Si amounts of 0.4 at. % in the base Alloy-
NTS leads to a net-like SiO; layer formation at the metal-oxide interface, which can become
continuous at higher Si concentrations or during long term oxidation and therefore critical for
the electrical properties of the interconnects. Lastly, La (reactive element) was not found either
in the oxide scale or around the metal-oxide interface for all La-containing alloys (Alloy-NT

and Alloy-N), ruling out the suggested direct mechanism for RE effect.
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iii) Internal oxidation

Presence of Ti in all the studied alloys causes formation of TiO;-base particles in the internal
oxidation zone (I0Z). Nb addition to the steels results in its partial internal oxidation, as Nb
and Ti together form (Nb, Ti)O; type oxide particles of two size classes (big particles > 100
nm and small precipitates < 20 nm). The oxide particles show Nb,Ti, O, stoichiometry, where
X >y, at the vicinity of metal-oxide interface. The composition of the oxide particles gradually
changes to x < y with the depth and finally becomes TiO,. It was suggested that small oxide
precipitates can substantially provide additional subsurface strengthening for the base alloy.
Non-metallic alloy impurities such as boron and carbon preferentially segregate at alloy GBs
and oxide particle GBs, respectively, in addition to their segregation at alloy—oxide particle

interface.

7.1 Possible pathways for further steel development

Based on the results obtained and the understanding gained from this research work, strate-

gies for further steel development are proposed.

1. Ti addition must be tolerated despite its direct influence on the oxidation due to its
positive effect for subsurface alloy strengthening (in IOZ). However, adjustment of Ti
amount might decrease its effect on oxidation without significantly modifying the I0Z,

being thereby beneficial for high temperature oxidation resistance of these steels.

2. Nbis strongly deleterious for the oxidation resistance and should be, in principle, avoided
(such as in the industrial Crofer 22 APU steel). However, an addition of controlled
amount of Si together with Nb can result in their mutual binding in the strengthen-
ing Laves phase (positive effect) and concurrently eliminate their negative impact on

the oxidation resistance.

3. La, one of the most expensive elements in the steel, does not show a direct influence on
the oxidation (probably only binds other deleterious impurities such as sulfur), so it can

be potentially replaced with a cheaper alternative for that purpose.
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