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ABSTRACT

This work investigates oxidation and nitridation in the binary Cr-Si system. Kinetics
and thermodynamics of oxidation in this alloy system have been investigated with a
systematic approach. Oxidation and nitridation behavior of each individual phase
(solid-solution phase, Crs and silicide phase, A15) were studied separately by
investigating the oxidation and nitridation kinetics for short and long term
exposures, thermodynamic stability, and post-exposure characterization of the scale,
and subscale morphologies. Results revealed that in both phases chromium is the
predominant element in the oxidation process which made such alloys major
chromia formers. It was found, however, that the role of localized SiO: formation in
reducing oxidation kinetics is significant. The oxidation rate of chromium was
reduced by more than an order of magnitude upon the addition of only 3 at.% Si. The
impact of SiO: increased further with increasing Si content. The A15 CrsSi silicide
phase produced a continuous SiO: layer at long term exposures. When combined in a
two-phase eutectic alloy, both solid-solution and A15 silicide phases oxidized
cooperatively via primary depletion of chromium which led to the dissolution of the
Crss phase and formation of an A15 layer at the alloy-scale interface. The influence of
nitrogen as an important oxidant in air was investigated for pure chromium and the
binary Cr-Si alloys and it was shown that a chromium subnitride layer exclusively
grew via inward diffusion of nitrogen. The positive role of Si in hindering nitridation
was significant. It was revealed that the A15 silicide is stable at any nitrogen pressure
at high temperatures and showed almost no solubility for nitrogen. As a continuous
barrier in the subsurface region of the two phase eutectic Cr-CrsSi alloy, it offered a
self-protecting character against internal nitridation. Further development of this
alloy system was conducted after exploring the ternary Cr-Ge-Si system in the high
chromium range (Cr > 80 at.%). Si and Ge showed interchangeable solubility in both
solid-solution Crss and A15 phases, and addition of Ge stabilized the A15 phase by
supporting the peritectic reaction in the Cr-CrsGe system. The microstructure of the
eutectic alloy remained fine-lamellar when up to 2 at.% Ge was added. Using this
approach, nitridation, as the most important challenge in the development of
chromium alloys, was significantly improved as the alloy microstructure remained
unaffected from internal nitridation for a period of 1000 hours oxidation at 1200°C in
air. Finally, the optimized oxidation behavior of binary and ternary alloys was

discussed with regards to the morphology and adhesion of the chromia scale.
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KURZFASSUNG

In der vorliegenden Arbeit wird die Nitrierung und Oxidation im Cr-Si Bindrsystem
untersucht. Die Kinetik und Thermodynamik beider Reaktionen sind mittels eines
systematischen Ansatzes beschrieben. Die Nitrierung und Oxidation einzelner
Phasen wie beispielsweise dem Cr-Mischkristall und der A15-Silizidphase wurden
mittels Kurz- und Langzeitauslagerungen, thermodynamischen
Stabilitdtsberechnungen und Charakterisierung von Oxidschicht und Substrat
untersucht. Die Ergebnisse zeigen, dass Chrom in beiden Phasen das dominierende
Element im Oxidationsprozess ist. Dies macht diese Legierungsklasse vorwiegend zu
Chromoxidbildnern. Die lokale Bildung von SiO2 wurde trotzdem beobachtet,
welches einen signifikanten Einfluss auf die Oxidationsresistenz des Werkstoffs

zeigt.

Eine Zugabe von lediglich 3 atom% Si zu Chrom erzielte eine Verbesserung der
Oxidationsbestandigkeit um mehr als eine Gréflenordnung. Der positive Einfluss
von SiOz2 wurde durch weitere Si-Zugabe erhoht. Die A15-Silizidphase (CrsSi) bildet

sogar eine durchgangige SiO2>-Schicht wahrend Langzeitauslagerungen.

Die Kombination beider Phasen im Rahmen eines eutektischen Gefiiges fiihrt zu
einer gleichzeitigen Oxidation mit vorwiegender Chromverarmung. Dies ruft eine
Auflosung der Chrom-reicheren Phase bzw. des Chrommischkristalls und eine damit

einhergehende Bildung einer A15-Silizidschicht in der Randzone hervor.

Der Einfluss von Stickstoff als ein wichtiger Oxidant in Luft wurde sowohl fiir reines
Chrom als auch fiir die bindren Cr-Si-Legierungen untersucht. Das innere Wachstum
einer Chromnitridschicht in der Substratrandzone beweist eine explizite
Einwartsdiffusion von Stickstoff. Es wurde beobachtet, dass Si eine besondere Rolle
spielt um die Nitrierung zu verhindern. Die A15-Silizidphase zeigte hervorragende
Stabilitat unter jeglichen Stickstoffpartialdriicken bei hohen Temperaturen und eine
nur sehr geringe Loslichkeit fiir Stickstoff. Als eine kontinuierliche Barriere in der
Randschichtzone der zweiphasigen Cr-CrsSi-Legierung bietet die A15-Phase

selbstschiitzenden Charakter gegen innere Nitrierung.

Diese Legierungsklasse wurde nach intensiver Untersuchung des terndren Cr-Ge-Si
Systems im hochchromhaltigen (Cr > 80 atom.%) Bereich weiterentwickelt. Si und Ge
zeigten eine austauschbare Loslichkeit sowohl im Chrommischkristall als auch in der
A15-Phase. Die Zugabe von Ge stabilisiert die A15-Phase durch eine gezielte
Forderung der peritektischen Reaktion im Cr-CrsGe-System. Die Mikrostruktur der
eutektischen Legierung bleibt bis zu einer Zugabe von 2 atom. % Ge fein-lamellar.

Mittels dieses Ansatzes konnte der Wiederstand gegen Nitrierung als eine der
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grofiten Herausforderungen in der Entwicklung von Chromlegierungen deutlich
verbessert werden. Die Mikrostruktur der Legierung blieb vor innerer Nitrierung
wihrend Oxidationstests von 1000 Stunden bei 1200°C an Luft bewahrt.

Das optimierte Oxidationsverhalten der bindren und terndren Legierungen wird in

Bezug auf Morphologie und Haftung der Chromoxidschicht diskutiert.
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Chapter 1: Introduction 9

1 INTRODUCTION

High temperature materials play a key role in gas turbine engines used for aircrafts
and power plants providing modern transportation and enable us to have reliable
source of power generation. The development of such engines has always been
dependent upon materials. In order to operate safely and efficiently, they require
materials which can withstand extreme conditions such as high temperature, high
pressure and corrosive environments. Over the past 70 years, the development of
these engines has relied on the development of nickel base superalloys which are the
most studied and the most sophisticated high temperature structural materials. Over
time, their high temperature capability has been increased from around 700°C to the
current 1150°C thanks to material development strategies including additions of
more than 13 alloying elements to stabilize microstructure, enhance mechanical

properties, and increase oxidation resistance [1].

A further increase in operating temperature nowadays is achieved by designing
complex cooling systems in turbine blade structures (see Figure 1-1). Nevertheless,
cooling systems decrease the efficiency when added to the turbine blade structure
(Figure 1-1). On the other hand, a further increase of temperature is limited, since
even the most advanced single crystal nickel base superalloy starts to soften beyond
1150°C [2]. The ever increasing demand for higher efficiencies to reduce the fuel
consumption and accordingly the CO: emission is still urging the materials science
community to develop a novel alloying system which can go beyond the capability of
nickel base superalloys [1,3-5].
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Figure 1-1. The relation between thermal efficiency and turbine inlet temperature in jet
engines (after Lemberg et al. [4], with kind permission from John Wiley and Sons).

Intermetallic reinforced refractory alloys based on Mo, Nb, and Cr have recently
been considered as possible candidates for high temperature structural applications
[5-10]. Among these alloys, Cr-based alloys offer interesting physical and mechanical
properties including high specific modulus of elasticity, low-density, high oxidation

resistance and high creep resistance.

Several classes of chromium alloys strengthened with Laves phase Cr2X (X= Ta, Nb,
Hf, Zr, etc.) or A15 phase (CrsSi) have been recently developed and classified as “in-
situ composites” [11-14]. The Cr-CrsSi eutectic alloy offers a lamellar microstructure
with a toughening chromium solid-solution phase and an intermetallic A15 silicide
(CrsSi) phase providing improved mechanical strength at high temperatures. Studies
on these alloys in the literature are limited to those on the mechanical properties of
the single phase CrsSi and the Crs-CrsSi system [15-17]. Bei and coworkers showed
that the microstructural parameters such as lamellar spacing can be tuned during
solidification which provides diverse mechanical properties [18]. They showed later
that the micro-alloying of Re and Ce improves the stability of the lamellar
microstructure at high temperatures [19]. Based on the attractive physical properties
and mechanical and microstructural stability at high temperature, it is clear that Cr-
CrsSi alloys show high potential as candidates for future high temperature structural

applications [2].

Nevertheless, the oxidation behavior of this class of alloys and generally the Cr-Si
system has not yet been systematically studied. In addition, it is known that
nitridation plays a significant role during oxidation in atmospheric air. It was found

that the room temperature brittleness of chromium is to a high extent correlated to
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the impurity contents such as nitrogen [20-22]. Even worse, when exposed to
nitrogen containing atmospheres such as air at high temperatures, inward diffusion
of nitrogen in chromium forms a brittle nitride phase which drastically reduces the

life time of the material at high temperatures [23].

Germanium alloying in several binary and ternary silicide systems was found to be
beneficial for high temperature oxidation resistance [24,25]. Binary Cr-Si [26] and Cr-
Ge [27] systems show a similar Cr solid-solution and an intermetallic phase with A15
structure (CrsSi and CrsGe) in the chromium-rich parts within a nearly similar range
of composition (13-22.4 at.% Si and 11.8-20.3 at.% Ge for Cr-Si). The unique feature
that makes the ternary system interesting is that Crs and the intermetallic phase
undergo a eutectic and peritectic transformation in Cr-Si and Cr-Ge systems,

respectively.

In this work, the high temperature oxidation and nitridation behavior of chromium-
silicide based alloys in binary Cr-Si and ternary Cr-Ge-Si systems is studied. First, a
systematic study is conducted to understand the high temperature oxidation and
nitridation behavior in the Cr-Si binary system. The major focus is to investigate
thermodynamics and kinetics of oxidation (nitridation) for each individual phase and
correlate them to the behavior of the two phase eutectic alloy. Based on expected
improvements from Ge, the Cr-Ge-Si system at the high chromium end (Cr > 80 at.%)
is studied next. The influence of germanium additions on the microstructural
evolution and crystallographic structure of the two phase Crs-Al5 system is studied
and the unknown part of the phase diagram at the high chromium end is
experimentally assessed. Finally, the high temperature oxidation and nitridation
behavior of the ternary Cr-Ge-Si alloys was studied and an optimized composition

with highest oxidation (nitridation) resistance is determined.
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2 STATE OF THE ART

Chromium is widely utilized as an alloying element in engineering alloys such as
stainless steels and Ni-based alloys due to the formation of a protective chromia scale
(Cr205). Nevertheless, pure chromium and Cr-based alloys have not become
engineering structural materials because of their brittleness and poor ductility at both
ambient and elevated temperatures. It is known that Cr, as a bcc metal is inherently
brittle at room temperature due to the limited number of primary dislocation slip
systems in their crystal structures. However, it was found that the ambient
temperature brittleness of chromium can be significantly improved by increasing its
purity [28-31].

When exposed to air at high temperatures, embrittlement can also be induced via
formation of brittle subnitride underneath the oxide scale [32,33]. Further, the
oxidation resistance of chromium decreases at high temperatures (T> 1000°C) due to

a high scaling rate and oxide volatilization [34-36].

Unlike other refractory candidates for high temperature structural applications (such
as Mo-based and Nb-based alloys), chromium alloys have not been consistently
studied and the data are rather scattered. Intensive work has been done during the
1950s on developing ductile chromium via the iodide electro refining purification
process [21,22,28,29,37]. Considerable research has also been conducted during the
1950s and 1970s to understand the oxidation kinetics of chromium and the behavior
of the chromia scale at high temperatures [38,39,39-41]. Nevertheless, many issues
such as mass transport in the chromia scale, oxidation kinetics, effects of multi-
oxidant atmospheres, effects of alloying elements on oxidation and mechanical

properties of chromium etc. remain unclear. Due to the drawbacks mentioned above,



14

the interest in chromium was short lived and further studies on the development of

Cr-based alloys were suspended for decades.

The ever increasing demands to develop novel alternative alloys for high
temperature applications and the promising properties of chromium including high
melting point (1907°C), low density of 7.15 g/cm?® (~20% lower than most nickel-base
superalloys), high thermal conductivity (two to four times higher than most
superalloys), and competitive pricing, have recently attracted attention to develop
novel Cr-based alloys [20,42,43]. Room temperature ductility, high temperature
strength, and high temperature oxidation resistance (at T> 900 °C) are still the major

challenges.

In the following, the oxidation behavior of chromium and chromium alloys starting
from the earlier works of Gulbransen, Hagel, Lillerud and Kofstad [39,41,44] and
ending with the most recent studies are reviewed. The effect of experimental
parameters such as temperature, oxygen partial pressure, and multi-oxidants on the
kinetics of oxidation and the stability of oxidation products are discussed. Finally,

recent trends in the development of Cr-based alloys are summarized.

2.1 Thermodynamics of chromium oxidation

Chromia (Cr20s) is the most stable form of chromium oxides at high temperatures. It
has a corundum structure consisting of a hexagonal close packed sublattice of anions
with 2/3 octahedral sites occupied by chromium. Cr:0s is stable when the oxygen
partial pressure in the environment is greater than the equilibrium partial pressure of

the oxide (also known as dissociation pressure).
2Cr +§ 0, = Cry0, 1)
AG” = —1,120,270 + 259.83T Jmol ! )

The Ellingham-Richardson diagram, Figure 2-1, is utilized to show the standard
free energy of formation for oxides as a function of temperature, and equilibrium
oxygen partial pressure [34,45]. Cr20s belongs to the most stable oxides (together
with ALOs and SiO: ), i.e. the equilibrium partial pressure is extremely low and a
very low amount of oxygen in an atmosphere is sufficient to form a stable protective

layer of these oxides.
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Figure 2-1. Ellingham-Richardson diagram for selected elements. After [46].

2.2 Oxidation kinetics

Formation of an adherent, compact and continuous scale which prevents the direct

contact between the metal substrate and the oxidizing gas is required for protection

at high temperatures. For oxidation of chromium to proceed further, it is then

necessary that one or both ions are transported through the Cr:0s scale. Wagner

showed that the growth of the compact scale is controlled by the diffusion of ionic

species through the scale that ideally follows a parabolic relation:
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x2 = 2kt 3)

where x is the scale thickness, ¢ is the exposure time, and ky is the parabolic rate
constant [47]. According to Wagner’s theory of oxidation, the mass transport of
anions and cations along the scale occurs based on two distinct driving forces: the
electric field and the chemical potential gradient across the oxide scale. He related
the parabolic rate constant to the diffusion rate of ionic species in the oxide scale

using Eq. 4:
k, = 2D(C; — C;) 4)

where (2 is the oxide volume per unit quantity of diffusing species, D is the diffusion
constant, and C: and C: are the concentrations of diffusing components at the metal-
scale and scale-gas interfaces, respectively [45]. However, Wagner’s theory describes

an ideal situation based on the following assumptions [46]:
a. The oxide scale is adherent and compact.
b. The ionic (electronic) diffusion across the scale is the rate-controlling step.

¢. Thermodynamic equilibrium is established throughout the scale and at both the

metal-oxide and oxide—gas interfaces.
d. Oxygen solubility in the metal is neglected.

e. The metallic substrate is pure.

2.3 Chromia growth mechanisms

The growth mechanism of a Cr20s scale has been previously studied for a wide range
of temperatures [35,41,48]. It can be generally regarded as a mechanism involving
two major steps: a) initial oxidation or thin film growth b) second stage oxidation or
thick film oxidation. The initial oxidation stage is related to the formation of a thin
oxide film while second stage oxidation is considered when the oxide film has a

thickness higher than 1um.

The mechanism of oxidation at each stage was studied by Young and Cohen [49]. As
they oxidized chromium at moderate temperatures (300-600°C), an abrupt transition
was observed in oxidation kinetics. In addition, a distinct difference was observed in
the structure and morphology for the grown chromium oxide. The diffraction pattern
of the oxides showed a transition from a randomly oriented fine grained chromia
deriving from the initial oxidation stage to a strongly oriented fibrous grain structure
at higher oxide thicknesses [49]. Hope and Ritchie verified that an amorphous
chromia film forms at the initial stage of oxidation below 300°C, while above 400°C it

starts to crystallize [50]. The finer grain structure of the initially grown oxide
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provides a higher density of preferred diffusion path ways for mobile species and
leads to a uniform film thickening. On the other hand, a lower density of diffusion
paths at the later oxidation stage (at higher temperatures) causes the formation of

ridges and nodules which correspond to local transport paths through the oxide film.

Greogry et al [48] detected a transition temperature of 350°C above which the
oxidation behavior obeys the parabolic law (thick film) while below it follows the
logarithmic rate law (thin film). The parabolic relation is applicable up to the range of
800 [51] to 900°C [34] to describe the chromium oxidation kinetics. At higher
temperatures it deviates from the ideal parabolic behavior due to volatilization, loss
of metal-oxide contact, and formation of mechanical defects i.e. wrinkles, buckling
and cracking [51-54].

2.4 Defect structure in Cr20s3

Chromia is a non-stoichiometric oxide with Cr deficiency. Its non-stoichiometry is
however, very small. Experimental data on the self-diffusion behavior and electrical
conductivity of chromia revealed a complex defect structure in chromia [55-66]. It is
known that chromia is an intrinsic electronic conductor at temperatures above
1000°C [58,59]. Thermoelectric measurements by Young et al. and Kofstad et al. at
high temperatures showed that chromia is an n-conductor at low oxygen activities
(down to the decomposition oxygen partial pressure) and a p-conductor at near
atmospheric oxygen activities [55,58,59]. Furthermore, self-diffusion studies by Hagel
and Seybold, Hochioni et. al. and later Sabioni et al. indicated that the self-diffusion
coefficient of chromium is inversely related to the oxygen partial pressures at partial
pressures close to the decomposition pressure of chromia [61-65,67]. Considering
both electronic conductivity and self-diffusion behavior of chromia at high
temperatures, it could be concluded that the defect structure in chromia depends on
oxygen partial pressure. The above mentioned observations indicate that point
defects with positive effective charge e.g. Cr interstitials (Cr;") predominate at
reduced oxygen partial pressures. At near atmospheric partial pressures, however,
defects with negative effective charges e.g. chromium vacancies (V) predominate.
It should be mentioned that due to the extremely slow self-diffusion rate of Cr (e.g.
1017 ecm?s? at 1000-1300°C), an equilibrated state cannot be obtained in reasonable
time scales. Thus, assuming the equilibrium state for thermally grown chromia on a
pure Cr substrate, it can be concluded that the chromium self-diffusion process at the
oxide-substrate interface is controlled by chromium interstitials (Cr;") while the

process is controlled by chromium vacancies (V¢;') at scale-oxygen interface.
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2.5 Effective parameters on oxidation kinetics

The parabolic oxidation kinetics of chromium depends significantly on the oxidizing
conditions such as temperature, oxygen partial pressure (Pp,), and oxidizing
components. The study of parameters affecting the oxidation kinetics of chromium at
high temperatures is mainly limited to the early works from the 1980s-1990s. Due to

the importance of these effects their conclusions are briefly summarized below.

2.5.1 Effect of temperature

Figure 2-2 illustrates an updated summary of k, values reported for chromium at
temperatures above 900°C [34,35,41,54,60,68,69].

A noticeable difference of up to four orders of magnitude in parabolic rate constant
values can be noted. This difference was attributed to the specimens surface
conditions, experimental parameters, and measurement methods (e.g. continuous
and discontinuous gravimetry [68]). Experimental parameters such as metal
microstructure, surface conditions [34], and metal impurities (such as hydrogen and
sulfur) [70-73] are reported to affect the oxidation kinetics of chromium metal. Most
of these parameters directly affect the oxide morphology, which in turn, leads to
different oxidation rates [54]. For instance, Caplan and Sproule reported more than
eight times higher oxidation rates for electro-polished chromium than for etched
chromium under similar oxidizing conditions [54]. This difference was attributed to
the difference between a monocrystalline and a polycrystalline chromia layer formed
on etched chromium and electro-polished chromium, respectively. Polycrystalline
chromia is known to grow much faster as a result of the grain boundary contribution
in the diffusion process [45,54]. It is surprising, however, that despite significant
scatter in the parabolic rate constants no recent experimental data has been found to

further investigate this problem.

Figure 2-2 also indicates that oxidation kinetics shows a typical Arrhenius

dependence on temperature,
k, = koexp (g) 5)

where Q is the activation energy of oxidation, T is temperature, R is the gas constant,
and k, is a constant which is typical for each metal [45]. A list of activation energies
for the Cr/Cr20s system in oxygen atmosphere is given in Table 2-1. Considering the
above discussed reasons, it is not surprising that scattering activation energies are

reported for similar oxidizing atmospheres.
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Figure 2-2. The parabolic rate constant values (k) for oxidation of pure chromium as a

function of temperature in different studies. After [68].

Table 2-1. Reported activation energies for oxidation of chromium.

Gas T(°C) Q (kJmol?)  Reference
O:(latm) |980-1200 243 [54]
02 (0.1atm) | 700-950 156 [39]
Oz (0.1atm) | 1000-1100 248 [39]
02 (0.1atm) | 700-900 277 [35]
Oz (latm) | 900-1075 330 [44]

19
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2.5.2 Effect of oxygen partial pressure

The effect of oxygen partial pressure on the parabolic kinetics depends, to a high
extent, on the experimental conditions. Thus, a comparison between different works
with different experimental conditions with regards to surface treatment, impurity
level, and the components of the low Py, atmosphere would lead to inconsistent

results.

Kofstad and Lillerud showed the oxidation kinetics of chromium at constant oxygen
pressures between 7x 107 and 1 atm. (using pre-vacuum and dosing oxygen) at
1000°C and revealed a negative dependence of oxidation kinetics on Py, [44,60]. Such
behavior is not in agreement with a diffusion-controlled mechanism based on
Wagner’s theory and the unusual Py, dependence was attributed to the morphology
and microstructure of the oxide scale during growth as extensive buckling, cracking,
and wrinkling took place at low oxygen partial pressures. Comparing this behavior
with the morphology of oxide at higher Py, it is concluded that (1) scale deformation
and cracking result from large stresses and strains in the scale during growth and (2)
the plasticity of oxide extensively increases at lower Py, [52] which results in
extensive formation of wrinkles and ridges in the chromia scale. They also proposed
that near the metal-scale interface chromium ion interstitials are the predominating
defects while at near atmospheric pressures chromium vacancies predominate. This
has been proven in diffusion studies and conductivity measurements conducted in a
temperature range of 1100-1600°C [58,59,59]. However, Hagel measured the
influence of Py, on the parabolic rate constant of chromium oxidation and found no

significant correlation as the dependence on P,, was very small with a ratio of
1
ky o< P} with n ~ 40 [41].

Extremely low oxygen partial pressures can be obtained using different gas mixtures
such (Ar)H>-H20O and CO-CO: mixtures. By controlling the ratio of the gas
components, any desired oxygen partial pressure can be achieved. However,
different gas mixtures having the same P,, may not result in similar oxidation
kinetics as each individual gas component such as hydrogen, H20, N2, or CO have
their own influence on oxidation by accelerating or decelerating the oxidation
reaction or by stabilizing other oxidation products such as carbides or nitrides [70,74-
77]. The study of Polman et al. on the oxidation of pure chromium at 900°C in
1%CO/CO:z (Pp,= 1x 10? atm) and 1.5% H20/Ha (Po,= 9.8x 102! atm) atmospheres
showed a gradually higher oxidation rate than at atmospheric oxygen pressure [77].

Further studies of Hédnsel and Young on the oxidation of pure chromium in multi-
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oxidant atmospheres at reduced oxygen partial pressures confirmed such findings
[74,78].

2.6 Nitridation in oxidizing atmospheres

The majority of fundamental studies on the oxidation behavior of chromium and its
alloys focuses on single-oxidant atmospheres with a wide range of oxygen pressures.
Most technical atmospheres comprise multi-oxidants [45]. Besides air, as the most
common example, oxidation studies were conducted in other multi-oxidant
atmospheres such as CO-CO2-Nz, O2-Nz, N2-02-H20, H2-H20-Nz, CO-CO2-N2-SO:z and
effects of additional oxidants on the thermodynamic stability of oxidation products
were investigated [75,78,79]. Each of these gas mixtures represents a practical
atmosphere for high temperature applications such as in gas turbines, fuel cells,

steam crackers etc.

During the oxidation process in multi-oxidant atmospheres, additional oxidation
products such as nitrides (Cr2N, CrN), carbides (CrsCes, Cr7Cs) and sulfides (CrS,
CrsSs) can form besides oxides [78,80]. The phase stability diagrams for Cr-O-N, Cr-
O-S, and Cr-O-C are utilized to predict the stability of oxidation products at given
technical atmospheres [75,78,81].

Although most of the studies on oxidation of chromium were focused on oxidation
in oxygen atmospheres at different pressures [39,44,54,56], limited studies were
conducted on oxidation of pure chromium in air at high temperatures [23,32,82].
Therefore, the major focus here is to address the thermodynamics and kinetics of the
Cr-O-N system at high temperatures. For other multi-oxidant atmospheres, readers
are referred to the detailed works of Zheng et al.[75,78] and Hénsel et al. [79,83-85].

2.6.1 Thermodynamics of nitridation

Nitrogen is a soluble interstitial element in chromium at high temperatures. Mills
showed that the solubility of nitrogen in chromium depends on temperature [86]:

—6765

log(wt. %N) = T

+3.62 6)

Further addition of nitrogen can form chromium nitride (CrN) and chromium
subnitride (Cr2N) which are stable in a wide range of temperatures (see Figure 2-3)
[87].

To investigate the relevance of nitrides for oxidation in air, thermodynamic phase
stability diagrams are calculated for the Cr-O-N system (see Figure 2-4). It is shown
that at high nitrogen partial pressures, chromium nitride (CrN) can be stable, but it

requires comparatively high nitrogen pressures (see Figure 2-4). However, CrN is not
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stable at temperatures higher than 1049°C and nitrogen pressures of 1 atm. and
below. Thus, Cr2N is the only stable nitride compound in exposures under
atmospheric pressures at temperatures above 1049°C. The phase stability diagram

with inserted reaction path over the oxide scale down into the metal subscale zone is

illustrated in see Figure 2-4b.
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Figure 2-3. Cr-N phase diagram between 900 and 1350°C [87].
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Figure 2-4. The Cr-O-N phase stability diagram at a) 900°C and b) 1200°C with inserted
reaction path (FactSage).

2.6.2 Nitridation kinetics

Schwerdtfeger was the first to show that the growth of chromium subnitride (Cr2N)
is a function of inward diffusion of nitrogen in Cr2N [88]. It was shown that the rate
of chromium nitridation follows parabolic kinetics with much higher rates compared
to oxidation (measured at 1100-1310°C in N2-Hz atmosphere) [88,89]. The intrinsic
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diffusivity of nitrogen in the sub-nitride CrN was determined using the parabolic
rate constant and Wagner’s theory (Dn=4.2x 10 cm?s* at 1200°C) [88,90,91].

When chromium is oxidized in air (N>-Oz, P = 1 atm), chromium subnitride Cr.N
forms under the chromia scale. According to the phase stability diagram (Figure 2-4),
CrN is stable at low Py, and high Py, . It is known that the nitride phase significantly
alters the mechanical properties of chromium via embrittlement and increasing
hardness. Thus, it is of great importance to consider the formation and growth
mechanism of the subnitride when studying the oxidation of chromium and its alloys
at high temperatures. Despite this importance, little is known about Cr-nitridation.
For instance, the effect of subnitride formation on the oxidation kinetics of chromium
in e.g. air or the simultaneous transport of oxygen and nitrogen through the scale
and the metal substrate are still not clear. Hagel has first separately studied the
kinetics of nitridation and oxidation of chromium. He concluded that the parabolic
rate constant of chromium for nitridation in nitrogen is at least one order of
magnitude higher than that of oxidation in a pure oxygen atmosphere [41]. In
agreement with Hagel’s results, Schwerdtfeger, Seybolt, and very recently Michalik
and coworkers reported significantly higher nitridation rates than oxidation rates of
chromium at 950-1000°C in N2-O2 atmospheres, indicating that the thermally grown

chromia scale is permeable for nitrogen at temperatures higher than 950°C [33,83,88].

When chromium subnitride Cr2N forms under the oxide scale, it is logical to assume
that the further oxidation process occurs via oxidation of the Cr2N layer (Figure 2-5)

and oxidation of Cr2N occurs via the following reaction [92]:

§Cr2N +0,= § Cr,0, +§ N, ?)
N, N, o (o)
N, o, 1> 0, / 2 2
I2 | 2 l | 2 1 |02 l"'z l N wrinklings
l Tl l l Cr,0,
crN
Cr 2 TCr T t
c JCr Cr
t=0 t=t

Figure 2-5. Schematic illustration of the high temperature oxidation of chromium in N2-O:
atmospheres.
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Seybolt reported, however, that the oxidation rate of Cr:N is equal to that of
chromium metal at 1000°C [33]. Thus, the thermogravimetric data cannot resolve the
formation of a subnitride layer during isothermal oxidation in air as both Cr.N and

Cr metal show similar rates of oxidation [23].

The mechanism under which the conditions for thermodynamic stability of the
subnitride Cr2N are met (i.e. very low Py, and near atmospheric Py,) is still under
debate [23,33,68,81]. Some argue that this condition is solely provided by inward
atomic transport of nitrogen via permeation along the chromia scale. Recently,
Young et al. used atom probe tomography to show that carbon penetrates through
Cr20s5 grain boundaries [84]. It was believed that nitrogen shows similar behavior as
carbon. Nevertheless, no experimental evidence has been reported yet. Others argue
that defects such as micro-cracks, micro-porosities, micro channels, or other
imperfections which form during the scaling process can provide nitrogen molecular
transport co-occurring with oxygen consumption via oxidation [75,84,93]. However,

a clear experimental proof showing the mechanism is not known yet.

2.7 Volatilization of chromium

Formation of volatile species during oxidation makes the mechanism of oxidation
and its kinetics more complex and can have an influence on the scatter of oxidation

rate data.

During oxidation of chromium at high temperatures, oxidative evaporation of Cr20s

as CrOs occurs under oxidizing atmosphere [94]:
Cr,03 (5) + 2 0,(g) = 2Cr03(g) ®)
AG" = 472,800 — 1185T Jmol™! )

This reaction is important at temperatures higher than 1000°C and at high Py, as this

volatilization reaction has been found to be proportional to Py,
o 3
Pero, = Keqz . Poz4 (10)

where Keq is the equilibrium constant of Eq. 8, Py, is the oxygen partial pressure, and
Pcro,is the partial pressure of CrO:s [35,40,41]. The Kellogg diagram is used to show
the stability and partial pressure of the volatile oxide species at different
temperatures and oxygen partial pressures. Figure 2-6 illustrates this diagram for
volatile species of the Cr-O system (P¢r,0,) versus Py, at a fixed temperature (1250K)
and versus temperature at a fixed Py, (1 atm), respectively [46,95]. The vertical line in
Figure 2-6a indicates the equilibrium Py, for the Cr(s)/Cr20s system. Besides CrOs, Cr

metal itself also develops high vapor pressures at high temperatures. Other volatile
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species of the Cr-O system are less important as their partial pressures are negligible
in dry atmospheres. The horizontal line for Cr(g) in Figure 2-6a shows that the Pc, (g
does not depend on the oxygen partial pressures in pressure ranges less than the
equilibrium Py, for the Cr/Cr20s reaction. At the Cr/Cr20s interface, Perg) becomes
comparable to P, at the Cr205/Oz interface (see Figure 2-6a). Furthermore, the vapor
pressure of chromium Pc,(4y increases linearly with temperature and approaches the
vapor pressure of P, at T>1000K (see Figure 2-6b). Detailed thermodynamics of

volatile species in the Cr-O system are discussed in [95,96].
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Figure 2-6. a) The partial pressure of volatile species in the Cr-O system at 977°C, b) The
partial pressure of volatile species versus temperature for an oxygen partial pressure of 1
atmosphere [46].

2.7.1 Kinetics of volatilization

Volatile species have to be considered in the oxidation behavior of chromium due to
their high partial pressure at high temperatures (see Figure 2-6). The most significant
volatile species in the dry Cr-O system are the Cr metal at P,, below the equilibrium

partial pressure for the stability of Cr20s and CrOs above the equilibrium Py,

Tedmon [97] first modeled the effect of volatilization on the oxidation kinetics of
chromium. He considered Wagner’s theory of growth and added a negative term for
scale thinning as a result of evaporation of the compact Cr20s layer. Equation 11

describes the Tedmon’s model:

dx _ kp _
i 1)
where X, is the oxide thickness, k,, is the parabolic rate constant in terms of thickness

(ecm?s?) and k,, is the evaporation rate constant (cm s). Tedmon also presented the
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integrated form of Eq. 11 which represents the relation between time and scale
thickness (x).

tzi—j—i—:x—ln(l—%) (12)
The physical description of Eq. 12 is that initially rapid oxide growth occurs
compared to the volatilization rate. Eq. 12 illustrates how oxide growth slows down
as the oxide scale thickens. This behavior is usually termed “paralinear” oxidation
and is often observed for chromia-forming alloys in O2+ H20 atmospheres or in dry

oxygen above 1000°C (Figure 2-7) [36,40,98].

Thermogravimetry is widely utilized for studying oxidation kinetics of metals and
alloys. In order to describe the growth kinetics with thermogravimetric data, it is
required to convert Eq. 12 to mass change data using a relation between mass gain
and scale thickness. Taimatsu [36] used a mathematical approach to convert the
thickness-related formulation to a mass-change-related one by assuming the compact
bulk density of chromia (5.21 g cm?®) and the following relation to describe the

paralinear kinetics.
1
(Am/A) = /2 ¢z — (2/3 + fCr/3> Kyt (13)

where Am/A is mass change per unit area and f¢, is the mass fraction of Cr in Cr20s
(fer = 0.684). Thus, (2/3 + fCr/ 3> equals 0.895. The thermogravimetric results for Y-

doped Cr at 1200°C were successfully fitted by the mathematical interpretation of
Taimatsu [36]. Interestingly, an oversimplified combination of mass gain and

volatilization terms in the form of
(Am/A) = (ky ©)'/2 — Kyt (14)

which was first used by Hagel [41] can also successfully describe the experimental

data with similar accuracy as Taimatsu’s version, because the coefficient in Eq. 13
(2/3+ fcr/g) is close to unity. Therefore, it is reasonable to fit experimental

thermogravimetric results with Hagel’s equation [14,41,81,99]. It should be
mentioned that k;, in Eq. 13 and Eq. 14 is not identical with kj, in the ideal parabolic
rate law for oxidation which is based on pure diffusion control for oxide growth. k,
in these equations has been derived from either experimental data or a simplification

that assumes direct superposition of parabolic growth and linear volatilization.
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The kinetics of volatilization in chromium oxidation depends on temperature
following an Arrhenius relation. Hagel is to the best of the author’s knowledge the
only reference who reported a temperature dependence of the volatilization of

chromia during oxidation.
k, = 0.214 exp( _204200/RT) (gem™2s71) (15)

where, ke is the volatilization rate and R is the gas constant [41].
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Figure 2-7. Typical mass change with time showing parabolic growth, linear volatilization,

and paralinear kinetics

2.8 Trends in the development of Cr-based alloys

Unlike for other refractory alloys where research focuses mainly on one target alloy
system (e.g. Nb-NbsSis in Nb-based [100-102] or Mo-Si-B in Mo-based alloys [10,103]),
to date several chromium-based alloys are under debate. The goal is to have an alloy
which can withstand high temperatures with high oxidation resistance, creep
resistance, and strength. Trends in the development of chromium alloys according to

their mechanical characteristics were reviewed by Gu et al. [104].

The lack of low temperature (T< 0.3 Tm) ductility is a significant weakness of
chromium and its alloys which hinders its application for engineering applications.
Many alloying strategies were undertaken to understand and improve the ductility
of chromium at room temperature. Several parameters such as crystal structure,
purity, grain structure, and alloying elements determine the ductility of chromium.

Several theoretical and experimental studies proved the effect of interstitial
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impurities on the ductility of chromium at room temperature which were reviewed
by Gu et al. [104].

Recently, Gao et al. screened a group of 22 elements and their influence as alloying
elements on the mechanical properties of chromium at room and at high
temperatures [105]. The Poisson ratio was taken as the screening parameter and the
calculated tendency of the alloying effect on ductility of chromium was in agreement
with existing experimental work. Nb, Mo, Ru, Rh, Ta, W, Re, Os, Ir, Pt, Pd, Hf, Ti, V,
Zr, Fe, Co, Ni, Al, Si, Ga, and Ge have considerable solubility in Cr. Other elements
in the periodic table have negligible solubility in Cr-based alloy on a first principle
approach [105]. Their results predicted vanadium as a strong chromium ductilizer
and Re and Fe as moderate ductilizers. Al, Ge, and Ga were predicted to embrittle

chromium when alloyed in solid-solution [105-107].

Gu et al. experimentally studied the tensile properties of chromium alloyed with up
to 3 at.% Ag. They showed that the optimum tensile properties can be obtained for
Cr-2 at.% Ag which improved the yield strength and elongation by 34% and 64%,
respectively [108].

Vanadium can also be beneficial for the mechanical properties of chromium
[109,110]. Although vanadium is the only element in the periodic system which
forms a complete solid-solution with chromium, the following considerations should
be taken into account when vanadium is alloyed. Dogan et al. reported that
commercial vanadium contains 0.1-0.2 wt% carbon which introduces vanadium rich
precipitates of the composition CaCrsVss at grain interiors and grain boundaries
[111]. Even worse in oxidizing atmospheres, V205 can form which is not desired as it
melts at 670°C [112].

The so-called Rhenium-ductilizing effect has been observed for Cr-alloys [20]. An
analogous effect is observed for Ru when added up to 3 at.% as it resulted in up to

1.5% elongation at room temperature [113].

Besides alloying, removing the residual interstitial impurities such as nitrogen and
oxygen was the main strategy to improve the ductility of chromium at room
temperature [20]. Doping chromium with rare earth elements (such as Y, Ce, and La)
which have high affinities to nitrogen and oxygen can improve the Cr-ductility via
formation of stable oxides or nitrides [114]. Since both interstitial elements and the
doped rare earth elements are usually concentrated at grain boundaries, fine ceramic
particles will be dispersed at grain boundaries which can also enhance the high
temperature strength and creep resistance of alloys. However, doping rare earth
elements is technically challenging due to the segregation of these elements during

quenching and possible formation of low temperature eutectics (e.g. Cr-Ce at 781°C).
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Moreover, the solubility of these elements in chromium is limited as the solubility of
Ce and Y is less than 1 at.% [115]. Recently, Lei et al. employed mechanical alloying

at room temperature to homogeneously distribute and dope Y in Cr [116].

The application of oxide dispersions in ductilizing chromium was first suggested by
Scruggs et al. in the 1960s. They reported that additions of MgO to powder
metallurgical chromium can markedly improve its ductility [117]. It was proposed
that MgO forms an MgCr20s spinel phase which getters the residual nitrogen in pure
chromium. This hypothesis was recently challenged by Brady et al. who correlated
the influence of the MgO dispersions with grain refinements which in turn, affects
the ductility of chromium alloys [118].

Chromium alloys based on Laves phase chromides (Cr2X, X=Nb, Ta, Hf, Zr, etc.) and
silicides (A15 CrsX, X=Si, Pt, etc.) provide high melting points and high temperature
strength and high creep resistance [119]. But the high Ductile-Brittle Transition
Temperature (DBTT) of these intermetallic phases (>1000°C), deteriorates the
toughness and ductility even at moderate temperatures. Thus, a toughening Cr solid-
solution phase (Crss) can be added to these phases in order to increase the ductility at
lower temperatures. A subgroup of this class of materials are “in-situ composites”
which has been appointed to alloys with fine microstructure composed of a solid-
solution toughening phase and an intermetallic strengthening phase. The term “in-
situ” is given due to the simultaneous formation (usually as a eutectic reaction) of
both phases during solidification [2] and the term “composite” is given due to the co-

existence of a toughening and strengthening phase.

The Crs-CrsSi system forms a lamellar eutectic structure consisting of Crs and the
CrsSi A15 phase [8]. In this system, the A15 intermetallic phase is a source of high
temperature strength, creep strength, and oxidation resistance and Crs is the
potential source of ductility. The A15 structure has a cubic microstructure composed
of two sublattices for Si and Cr atoms. Studies on this alloying system are limited to
the mechanical properties of single phase CrsSi and the Crs-CrsSi system [15-17]. Mo
additions are found to be beneficial for the high temperature mechanical properties
of Cr-Si silicides. Since the Mo-Si system is analogous to the Cr-Si system, Mo can
substitute Cr in intermetallic silicides (eg. (Cr, Mo)sSi and (Cr, Mo)sSis)) [15,120].
Studies of Raj et al. showed that Mo can sharply increase the high temperature

strength and creep resistance of chromium silicides [15,120].

2.8.1 Oxidation Resistance Considerations

Refractory metals have a considerable solubility in chromium and are known to be

beneficial to the mechanical properties [20]. Experimental studies however, revealed
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that alloying them in solid-solution (Re, W, Mo, Nb and Ta) is rather detrimental for
increasing the oxidation resistance of chromium [121,122]. In the case of Ta and W,
Royer and coworkers recently reported very poor oxidation behavior of the Cr-
30Mo-30W alloy at 1100°C due to the massive volatilization of MoQOs [121]. The
oxidation behavior of the binary Cr-CrNb and Cr-Cr2Ta alloys at high temperatures
also revealed poor oxidation resistance with rapid oxidation rates and extensive scale
spallation [123]. In this system, the eutectic Cr-Cr2Nb phase showed worse oxidation
resistance than both single-phase Cr(Nb) solid-solution and Cr2Nb intermetallic [12].
On the other hand, Cr-Cr.Ta alloys showed better oxidation resistance compared to
Cr-Cr2Nb alloys at 1100°C. In contrast to the Cr-Cr2Nb alloy, the oxidation resistance
of the Cr-CrzTa eutectic was better than either that of single phase Cr(Ta) or that of
Cr:Ta alloys [12]. Recently, Bhowmik and coworkers showed that additions of Si can
increase the oxidation resistance of Cr-Cr2Ta alloys at 1100°C. However, their results
showed lower oxidation resistance when exposed at 1300°C [124]. Later, they showed
that the co-additions of Si and Re can improve the oxidation resistance of the Cr-
Cr2Ta system [125]. The oxidation resistance of chromium alloys can be improved by
up to three orders of magnitude which is promising for their potential for high

temperature structural applications.

SiO2 is more stable than chromia at ultra-high temperatures (1000-1700°C) [45,126].
Thus, addition of Si to single phase chromium can be beneficial for oxidation
resistance [81,124,127]. Experimental studies showed that up to 5 at.% addition of Si
is soluble in Cr without crossing the solvus line (see Figure 2-8a)[128]. The oxidation
behavior of Cr-Cr:Si alloys has only been rarely studied and little is known about the
mechanism of oxidation in the binary Cr-Si alloy system. On the other hand, it is
known that the oxidation behavior of single phase alloys is different from that of
two-phase alloys [13,129]. Considering the promising physical properties of
chromium-silicide alloys such as low density and high creep resistance
[17,19,120,130-132], their oxidation behavior should also be systematically studied.

Germanium alloying in several binary and ternary silicide systems was found to be
beneficial for high temperature oxidation resistance [24,25]. Binary Cr-Si [26] and Cr-
Ge [27] systems are analogous in the Cr-rich parts (compare Figure 2-8a and Figure
2-8b) with both solid-solution Cr and A15 intermetallic phases (CrsSi and CrsGe) at a
nearly similar range of composition (13-22.4 at.% Si and 11.8-20.3 at.% Ge for Cr-Si).
Crss and intermetallic phase undergo a eutectic and peritectic transformation in the
Cr-Si and Cr-Ge systems, respectively which makes the ternary Cr-Ge-Si system
unique. Considering these facts, the influence of Ge on microstructure,
crystallography, phase stability, and oxidation behavior of the two-phase Cr-CrsSi

will be studied and discussed in this work.
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3 OBJECTIVES OF RESEARCH

The main objectives of this research are to elucidate the high temperature oxidation
behavior of the Cr-rich (Cr > 75 at.%) Cr-Si based alloys in air. More importantly,
nitridation, as a key challenge for the development of Cr-based alloys which is
usually neglected during oxidation studies, will be the focus of this study. The
oxidation mechanism of the two phase eutectic Cr-CrsSi will be investigated. Finally,
the eutectic alloy will be modified with germanium to further improve the oxidation

and nitridation resistance.
The following general approach is used to meet the main objectives of research:

= Oxidation of pure chromium is investigated and the effect of nitridation on

oxidation behavior is determined

= The kinetics and thermodynamics of oxidation and nitridation of individual

phases in the Cr-CrsSi system are studied.

= The key phase contributing to both oxidation and nitridation resistance of the

eutectic Cr-CrsSi alloy is identified

= Further improvements will be done by addition of a ternary alloying element
(in this case Ge) to enhance the resistance of the target alloy in air at high

temperatures.

= The role of Ge in the microstructural evolution and physical metallurgy of the

Cr-CrsSi system is also explored
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4 EXPERIMENTAL PROCEDURE

4.1 Materials

Drop cast ingots with an approximate total weight of 7g and nominal compositions
listed in Table 4-1 and Table 4-2 were prepared using the arc melting method.
Chromium (99.995 wt %, Alfa Aesar), silicon (99.9999 wt %, Alfa Aesar) and
germanium (99.999 wt %, Alfa Aesar) pieces were melted on a water cooled copper
mold under high purity Ar atmosphere using a compact arc melter (MAM-1,
Edmund Biihler, Germany). To capture the residual oxygen, a Zr getter was melted
before melting the starting materials. Ingots were turned over at least six times and
re-melted to avoid inhomogeneity. Coupons with square geometries (4x4x2 mm)
were cut from the center of each ingot, using electric discharge machining (EDM). All
surfaces of alloy coupons were ground with 500 grit SiC papers to ensure similar
surface conditions. Figure 4-1 shows the casting set up and the arc melting process

used to fabricate the alloys.

tungsten
electrode

alloy ingot
=

Zr (0, getter) ——=u

Figure 4-1. The arc melting apparatus used for casting of model alloys.
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4.2 Cr-Si alloys

Four binary Cr-Si alloys were selected from the chromium rich part of the Cr-Si
phase diagram (Cr > 75 at.%). Pure chromium is used as a reference to compare the
oxidation behavior of the alloys. The nominal compositions of the studied binary

alloys are listed in Table 4-1.

Table 4-1. Nominal compositions of Cr-Si binary alloys

Alloy designation | Pure Cr  S3 S16 S19 525
Cr (at.%) 100 97 84 81 75
Si (at.%) 0 3 16 19 25

4.3 Cr-Ge-Si alloys

A single phase and 10 two-phase ternary alloys with nominal compositions listed in
Table 4-2 were fabricated. Constant Cr content and various Si and Ge contents were
selected for the two-phase alloys to track the composition and microstructural

change upon substitution of Si with Ge.

Table 4-2. Nominal compositions of studied Cr-Ge-Si alloys.

Alloy composition (at.%) | S2G1 SG1  SG2  SG4 SG6  SG8
Cr 97 84 84 84 84 84
Si 2 15 14 1210 8
Ge 1 1 2 4 6 8
Alloy composition (at.%) | SG10 SGI12 SGI14 G16 S18G1

Cr 84 84 84 84 81

Si 6 4 2 0 18

Ge 10 12 14 16 1

4.4 Solution heat treatment

The equilibrium phase diagram of the ternary Cr-Ge-Si system was assessed using
heat treated alloys. As-cast specimens were annealed at 1350°C for 100 hours in a
tube furnace (Carbolite, Germany) under Ar-5 vol.%H: flow and using titanium
chips as an oxygen getter. After heat treatment the alloys were cooled down to room

temperature in the furnace.
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4.5 Continuous thermogravimetry

Thermogravimetric measurements at 1350°C were conducted using a microbalance
(Sartorius Micro M25-D-V, Germany) which was equipped with a vertical tube
furnace. The alloy coupon was attached to the balance with an alumina rod attached
with platinum wire endings and held inside the hot zone of the furnace. The length
of Pt-wire was kept limited to the ending parts due to Pt-volatilization at high
temperatures. The balance was stabilized at room temperature after synthetic air was
introduced to the furnace chamber at a linear flow rate of 203.7 cmh'. A heating rate
of 20 Kmin was applied up to the test temperature of 1350°C. Isothermal exposure
was conducted for up to 100h and finally the sample was cooled down to room
temperature in the furnace. A reference measurement was performed with the same
test parameters in order to exclude instrumental artifacts including the thermal drift
and Pt-wire volatilization (if any). The reference profile was subtracted from the

specimen’s mass gain profile.

TG-measurements at 950°C, 1050°C and 1200°C were conducted by a Netzsch STA
449-F3 (Netzsch GmbH, Germany) with a balance resolution of 0.1 ug. The schematic
view of the setup is illustrated in Figure 4-2. Oxidation kinetics and nitridation
kinetics of the alloys were investigated by exposure in synthetic air (N2-21%0Oz, Air
Liquide) and forming gas (N>-5%Ho>, Air Liquide), respectively. For exposures in N2-
5%H:, the chamber was evacuated twice prior to the measurements to ensure the
removal of O: traces. A heating rate of 10 K/min and a linear flow rate of 217 cmh
were applied for all measurements. Isothermal exposures were conducted for up to
50 hours. The TG-measurement was repeated for random specimens to verify the

reproducibility of the test.
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Figure 4-2. Schematic view of the thermogravimetric apparatus (with kind permission
from Netzsch Geriatebau GmbH).

Specimens used for oxidation experiments were ground (600 grit SiC paper),
weighed, and degreased in acetone in an ultrasonic cleaner before being introduced

to the furnace chamber.

4.6 Discontinuous thermogravimetry

Long-term discontinuous thermogravimetric tests were conducted at 1200°C in a
tube furnace in synthetic air atmosphere with a 203 cmh™ linear flow rate. The
samples were placed separately in alumina crucibles and inserted/removed from the
furnace after time intervals of 50, 200, 500, and 1000 hours of cumulative exposure.

After each removal, samples were weighed and re-inserted into the furnace.

4.7 Acoustic emission analysis during isothermal oxidation

Acoustic Emission (AE) is based on high frequency elastic waves which are
generated as a result of stress induced structural changes in materials. The
frequencies of these waves are much higher than those of the environment noise and
therefore, clearly detectable. In this work, AE was used to characterize the formation
of scale defects during isothermal oxidation of chromium. Two wave guide wires
were spot welded on the two sides of a pure Cr specimen. The other side of each wire
was soldered to cone sensors which were connected to an amplifier and a computer
which recorded the AE signals (Figure 4-3). The specimen was inserted in a
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cylindrical furnace operated at 1050°C. The exposure was isothermally continued for

100h in air while defect formation in the oxide was monitored using the AE system.

- defect formation in the oxide
oxidizing atmosphere (buckling, cracking, detachment)

oxide scale

chromium

accoustic emmission signal

time

Figure 4-3. The schematic illustration of the acoustic emission apparatus utilized during
isothermal oxidation of chromium.

4.8 Metallography

Alloy cross-sections were prepared by mounting specimens in hot epoxy resins,
grinding through 1200 grit SiC paper, and polishing with diamond (3 and 1 um) and
colloidal silica (0.02 pm) pastes.

The oxidized specimens were sputtered with gold and coated with electroplated
nickel before being mounted in epoxy resins. The electroplated nickel layer protects
the oxidation products during metallographic preparation and avoids the loss of

contrast at the specimen-epoxy interface during microscopic investigations [81].

Macroscopic images of specimens after experiments were documented using a Leica
stereo microscope. Optical microscopy at higher magnifications (up to 1000-times)

was conducted using a Leica DMLA microscope.

A Philips XL40 electron microscope equipped with an energy dispersive x-ray
spectrometer (EDS) was wused for detailed microscopic analysis of alloy
microstructure, morphology, and chemical composition of the oxide scales.
Backscattered electron (BSE) and secondary electron (SE) modes were used,
respectively, to investigate the alloy microstructure and the topology of the oxides.
EDS was mainly used for analyzing chemical composition of the oxide scales and

remnants.
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The actual composition of the studied alloys as well as semi-quantitative line scans
and element distribution maps of the oxidized alloys were characterized by
wavelength dispersive spectrometry (WDS) using a JEOL JXA-8100 electron probe
micro analyzer (EPMA). Multipoint grids (10x10) of spot measurements were
performed at three different zones to obtain the actual composition of alloy. Post-
oxidized cross-sections were investigated with both element distribution maps and
quantitative line scans using 15kV and one micrometer step size. Pure Cr, Si, and Ge
were used as standards to characterize alloy composition. Oxidized alloys were
quantitatively characterized using FesN and Al:Os standards for nitrogen and

oxygen, respectively.

4.9 X-ray diffraction

X-ray diffraction was used to investigate the crystal structure of the alloys and the
oxide scales. Alloys structures were characterized by a Bruker D8 advanced
diffractometer with Cu-Ka radiation. The Nelson-Riley extrapolation method was

used for precise determination of the lattice constants [133].

After oxidation, the oxide scales were crushed into powder and studied by x-ray
powder diffraction using a STOE Stadi P diffractometer in transmission geometry.
The diffractometer was equipped with a molybdenum x-ray tube (Mo-Kal = 0.71073
A), and a curved Ge-(111)-monochromator. Patterns were collected in an angular
range of 5-50° (20). Phase identification was performed by comparing the patterns to
the PDF database.

As will be shown later, single crystals of chromia form on the thermally grown scales
formed on Cr-Si and Cr-Si-Ge alloys. The single crystalline structural investigation
was conducted on a single crystal using the STOE Stadi P diffractometer in a range of
5-25° (20). Rietveld refinement was performed using the full-matrix least-squares
method.

4.10 Thermodynamic calculations

Thermodynamic calculation was used to predict the stability diagrams and activity
of elements in the alloy systems at the testing temperatures. FactSage 6.5 was used to
calculate stability diagrams for Cr-O-N system. Activity profiles for the Cr-Si and the
Cr-Ge-Si systems were calculated by the ThermoCalc program using the TCAL4
database and the recently obtained CALPHAD dataset for the Cr-Ge-Si system [134].
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5 RESULTS

5.1 Kinetics of oxidation and nitridation of pure chromium

Oxidation and nitridation kinetics of pure chromium were investigated using
thermogravimetry. The influence of single oxidants (i.e. nitrogen, and oxygen) on the
overall oxidation kinetics of chromium in synthetic air was studied by isothermal
exposure conducted in Ar-20%0z, N2-5%Hz, and synthetic air (N2-21%0O).

Figure 5-1 shows the isothermal oxidation kinetics of pure chromium at 950, 1050,
and 1200°C in all studied atmospheres. It is obvious that specimens exposed at
higher temperatures show higher mass gains. For instance, the final mass gain of
pure Cr after 50h oxidation in synthetic air is 4.49, 9.37, and 21.70 mg/cm? at 950°C,
1050°C, and 1200°C, respectively. The mass gain curves are fitted using Eq. 14 (the
continuous lines in Figure 5-1) using Origin 2015 (OriginLab Corporation,
Northampton, USA) to quantify the oxidation kinetics. In order to differentiate the
effect of each oxidant, the parabolic constants obtained for chromium exposed in
synthetic air, nitrogen and oxygen are termed as k, , k;,”'t, and kp¥, respectively. It
should be noted that the ky values are derived from experimental data and do not
directly correspond to the ideal ky of the diffusion controlled oxidation. The term k. is
assigned to the linear volatilization rate of chromium oxide when Cr was exposed to
either oxygen or synthetic air atmosphere. The determined kinetics parameters are
listed in Table 5-1.
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Figure 5-1. The influence of temperature on high temperature oxidation-nitridation
kinetics of pure chromium in a) synthetic air, b) Ar-20%O:, and ¢) N2-5%H-.
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Table 5-1. Determined kinetic parameters for pure chromium exposed to single and multi-

oxidant atmospheres at various temperatures.

Temperature
1200°C  1050°C 950°C
ky, (g2cms?) 8.8 x10° 2.7 x1071° 1.6 x101°

Atmosphere Parameter

Synthetic air (N2-21%0O2)

k, (gem?s?) 1.4x107 13x10% 9.7 101
Nitrogen (N2-5%H->) kDt (g2cmts) 5.7 x10° 5.0 x107° 1.3 x101°

ko* (gPems™) 2.7x10°  2.5x10"1  3.4x1012
Oxygen (Ar-20%0z)

k, (gcm?s?) 1.0x10%  1.7x101°  1.3x10°

Figure 5-2 illustrates the temperature dependence of kp , k;}”, and k;,’x for the
temperature range of 950-1200°C. A distinguished difference is observed between the
values of the parabolic rate constant in synthetic air (k, ) and Ar-20%O: atmosphere
(kp*). This difference is smaller at higher temperatures. On the other hand, the
mathematical sum of k}‘, and kg* at each temperature is shown in Figure 5-2 which
shows approximately an overlap with the k, curve obtained from experiments in

synthetic air, according to Eq. 16.

kp ~ K+ kg™ (16)

p
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Figure 5-2. Temperature dependency of the parabolic rate constant for oxidation and
nitridation of pure chromium in synthetic air, N2-5%H2, and Ar-20%02.
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It is noteworthy that abrupt discontinuities are observed in the mass change curves
measured in Ar-20%0O: and synthetic air (see Figure 5-1). The large discontinuities
were not taken into account for the fitting range to ensure higher accuracy and avoid

scattered data.

The nature of large discontinuities was revealed by post exposure cross section
microscopy of oxidized specimens after thermogravimetry. These discontinuities are
typical features observed for oxidation of pure chromium [44,56]. Figure 5-3a shows
that the scale formed on pure Cr is composed of multilayers showing different
morphologies: a thick, dense outer layer on top which shows significant wrinkling
and a second layer underneath which shows fine columnar chromia grains towards
the inner side of the outer layer (see the inset in Figure 5-3a). This implies that
detachment is occurred at high temperature as significant oxide growth after
detachment is evident. To investigate oxide scale detachment during isothermal
exposure, an acoustic emission test was performed during isothermal oxidation of
pure chromium at 1050°C (Figure 5-3b). During isothermal oxidation at this
temperature two major acoustic emissions were heard after approximately 6h and
37h which are closely coincident with discontinuities in the corresponding TG-curve
(see Figure 5-1a). The strongest emission is observed during cooling at the end of the
100h exposure (Figure 5-3b).

b 5000 cooling

isothermal oxidation at 1050°C |

| defect formation in oxide
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Figure 5-3. a) Cross section of chromia scale after 50h isothermal exposure at 1050°C in

synthetic air, b) the acoustic emission profile during 100h isothermal exposure at 1050°C.
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5.2 As-cast microstructure of Cr-Si alloys

The actual composition of binary Cr-Si alloys listed in Table 5-2 indicates that alloys
with the intended nominal compositions could successfully be fabricated by drop
casting without significant deviation from the nominal composition (compare with

Table 4-1).

Table 5-2. Actual compositions of binary Cr-Si alloys.

Alloy designation | S3 516 519 525
Cr (at.%) 97.0+0.2 842+03 821+0.7 744+0.2
Si (at.%) 3.0+0.2 158+0.3 179+0.7 25.6+0.2

100 um S0 um

Single phase
CrSi

proeutectic 5
CrsSi 4—-
Cr-Cr;Si, eu&

20um 100pum 100um

——

Figure 5-4. Microstructural evolution of chromium alloys with addition of Si. a) single
phase solid-solution S3 (SE mode), b) eutectic Cr-CrsSi alloy S16, c) hyper-eutectic alloy
S19, d) single phase silicide alloy S25 [81] (with kind permission from Springer Science
and Business Media).

According to the Cr-Si equilibrium phase diagram (Figure 2-8a) Si has up to ~13 at.%
solubility in chromium. The solubility limit decreases with decreasing temperature to
~4 at.% at 1000°C [26]. As a representative alloy for the Cr(Si) solid-solution phase, 3
at.% Si was chosen (alloy S3). The microstructural appearance of the as-cast alloys is
illustrated in Figure 5-4a-d. Increasing the Si content to 15.8 at.% leads to a eutectic

lamellar microstructure composed of Cr(Si) and CrsSi lamellae (Figure 5-4b). No
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primary Cr(Si) or CrsSi was observed in the microstructure of this alloy, confirming
solely eutectic solidification of alloy S16. However, it is noteworthy that although the
Cr-Si phase diagram has been well studied, diverse eutectic points between 15-16
at.% Si have been reported for the Cr-CrsSi system [26,128,135,136].

Alloy S19 showed a hyper-eutectic microstructure with CrsSi as the primary phase
surrounded by an interconnected network of Cr-Cr:Si lamellae (Figure 5-4c).
Increasing the Si content to 25.6 at.% resulted in single phase CrsSi (Figure 5-4d)

which is in accordance with other descriptions of the Cr-Si system [26,128].

5.3 Microstructure of Cr-Ge-Si alloys

Ternary Cr-Ge-Si alloys were developed based on the mutual substitution of Si and
Ge at constant Cr contents. The actual compositions of ternary alloys listed in Table
5-3 are in good agreement with the nominal compositions chosen for these alloys.
The evolution of the microstructure upon increasing the Ge/Si ratio is shown in
Figure 5-5. By substitution of 2 at.% Si with Ge, the lamellar Cr-Si eutectic
microstructure (Figure 5-5a) is slightly distorted (Figure 5-5b) but remained fine.
Further increase of the Ge/Si ratio altered the microstructure more significantly, as
alloy SG4 features a coarser microstructure composed of a continuous network of
A15 phase surrounding the irregularly shaped Crs primary phase (Figure 5-5¢). It is
noteworthy that as Ge is added to the alloys, the gray scales representing the Crss
phase in BSE images switch from darker levels (in comparison with the A15 phase) to
brighter levels due to the higher atomic weight of germanium compared to that of
chromium and silicium. Alloy SG8 shows a similar microstructure as alloy SG4
(Figure 5-5d). Alloys with Ge/Si ratios > 50% show microstructures with Crs primary
dendrites embedded in an A15 matrix (Figure 5-5e-f). Figure 5-5f illustrates the
binary Cr-Ge peritectic microstructure consisting of Crs dendrites embedded in the
A15 matrix.

Table 5-3. Actual compositions of ternary Cr-Ge-Si alloys measured by EPMA.

Alloy composition (at.%) | SG1 5G2 SG4 5G6 S5G8

Cr 83.8+0.4 831+0.1 83.6+01 842+0.6 845+05
Si 153+04 146+0.1 119+02 99+04 7.8+0.2
Ge 1.0+0.0 24+01 45+00 59+02 7.6+03
Alloy composition (at.%) | SG10 S5G12 SG14 G16 S18G1
Cr 84.7+0.1 842+05 83.7+03 84.7+1.1 81.1+04
Si 53+02 37+02 195+0.1 0 17.8+04
Ge 10.0+0.3 122+04 143+02 153+1.1 1.1+0.0




Chapter 5: Results 45
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primary Cr

Figure 5-5. Evolution of the as-cast microstructure of Cr-Ge-Si alloys upon mutual Si-Ge
substitution. Alloy (a) S16, (b) SG2, (c) SG4, (d) SGS, (e) SG12, and (f) G16.

5.3.1 Post-annealed microstructures

The microstructures illustrated in Figure 5-5 showed that when Ge is added, micro-
segregation of Ge (brighter grey scales) to the A15-Crss phase boundaries occurs
during solidification. It should be noted that increasing the Ge/Si ratio leads to
increased micro-segregations at these regions. After annealing for 100h at 1350°C, an
equilibrium microstructure is obtained as solidification induced features are
eliminated (Figure 5-6). Several microstructural features can be noted after annealing;
a) microstructural coarsening, b) precipitation of intermetallic phases in the
chromium solid-solution phase, and c) homogeneous distribution of Ge at the phase

boundaries.

The distribution of Si and Ge in the Crss and Al15 phases was obtained by EPMA
element distribution maps (see Figure 5-7). As Figure 5-7 shows, although the
microstructures are more homogeneous, still some levels of coring can be observed
for high Ge/Si ratios. Germanium is homogeneously distributed in the Crs phase of
the alloys SG2, SG4, and SG8, SG12, while segregation of Ge and Si occurred within
the A15 phase. Si is concentrated inside the A15 phase and shows lower signals at the
phase boundaries (Figure 5-7).
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Figure 5-6. Evolution of the as-cast microstructure of Cr-Ge-Si ternary alloys after 100h
annealing at 1350°C.

Precipitation of the Al15 silicide phase inside the coarse solid-solution dendrites is
evident in Figure 5-6 and Figure 5-7. The amount of precipitation increases as the
Ge/Si ratio increases (see Figure 5-7). Image analysis of the annealed alloys in Figure
5-7 indicates that the A15 phase volume fraction increases with increasing Ge/Si ratio
(Figure 5-8).

5.3.2 Partitioning of Si and Ge in Crss and A15 phases

The quantitative partitioning of Si and Ge in both Crs and A15 phase is shown in
Figure 5-9. Partitioning of Ge and Si in both phases shows an inverse linear relation
to the Ge/Si ratio in the alloys (Figure 5-9a,c). It is clearly shown that Si and Ge can
substitute each other within the solubility limits of both Crss and A15 phase (Figure
5-9¢). The linear increase in the Ge content of the A15 phase co-occurs with the linear
decrease of Si as the Ge/Si ratio increases. Figure 5-9b and Figure 5-9d shows the
solid solubility limit of Crss and the A15 phase in the ternary system indicating that
while the solubility limit of Cr increases with increasing Ge/Si ratio, it decreases in
the A15 phase.
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Figure 5-7. Distribution of Cr, Si, and Ge in annealed Cr-CrsSi and Cr-Cr3(Si,Ge) ternary
alloys illustrating the partitioning of Si and Ge in the constituent phases. Note the A15
precipitates in the Crss phase as the Ge/Si ratio increases.
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Figure 5-9. Partitioning of Si and Ge content in (a,b) Crss and (c,d) A15 phase in alloys as a

function of Ge/(Ge+Si) ratio.

5.3.3 X-ray diffraction analysis on Cr-Ge-Si alloys

X-ray diffraction patterns of the two phase alloys S16, G16, and SG1-SG14 show that

all alloys are composed of two phases consisting of a chromium solid-solution and
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the intermetallic A15 phase. The reflection positions of both phases are slightly
shifted. These reflection shifts were taken to determine the lattice constants of each
phase.

The substitution of Si with Ge in both solid-solution phase and A15 intermetallic
linearly increases the lattice constants in these phases (see Figure 5-11). The slope of
the linear fit indicates that the lattice constant of the A15 phase shows a much higher
dependency on the Ge/Si ratio than that of Cr solid-solution.

0 A15 Cr(Si,Ge)
= CrSS

Gl6

l : SG12
| SG10
I L | SG8
. ).SG6

L T L. SG4

Intensity (a.u.)

] s SG2

10 20 30 40 50 60 70 80 90
2 theta

Figure 5-10. X-ray diffraction patterns of the studied binary (Cr-Si) and ternary (Cr-Ge-Si)
alloys.
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Figure 5-11. Effect of Ge/Si ratio on the lattice constants of bcc-Crss and the A15-silicide.

5.3.4 Assessment of the ternary Cr-Ge-Si diagram in the Cr-rich section

Based on the EPMA and XRD measurements, the semi-isothermal section (at 1350°C)
of the chromium rich corner of the ternary Cr-Ge-Si phase diagram was assessed
(Figure 5-12). The corresponding binary diagrams Cr-Si and Cr-Ge are used as a
guide for the accuracy of the assessed diagram. The phase boundaries in binary

diagrams agree well with those of the ternary system.
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Figure 5-12. Semi-isothermal section of the Cr-Ge-Si ternary system in the high-chromium
corner at 1350°C. Cr-Si and Cr-Ge binary diagrams are shown at corresponding edges on
ternary diagram [26,137].

5.4 Oxidation behavior of the Cr-Si system in air

Thermogravimetric data at 1200°C in synthetic air for different Cr-Si alloys are
shown in Figure 5-13. Addition of 3 at.% Si to Cr significantly improves the oxidation
resistance under isothermal conditions. Further additions of Si lead to a continuous
decrease in oxidation rate of the alloys. Single phase A15 intermetallic (525) showed
the slowest oxidation kinetics and two-phase Cr-CrsSi alloys (S16, S19) show
oxidation kinetics between single phase solid-solution and single phase intermetallic

alloys.

For quantitative analysis of the oxidation behavior, thermogravimetric data were
fitted using Eq. 14 (solid lines in Figure 5-4b). The calculated parabolic rate constants
(ky) and the mass loss rates (k») as well as the fit confidence values are summarized in
Table 5-4. The reduced Chi-squared and adjusted R-squared values indicate the
validity of the fit. Results show that not only the parabolic rate, but interestingly also
the volatilization rate are lowered when Si is added. By addition of 3 at.% Si, the
oxidation rate (k») and volatilization rate (k.) of pure Cr are reduced by approximate
factors of 20 and 25, respectively. The increase of the Si content beyond 3 at.% Si up
to 25% further reduces the (ky), and (k.) oxidation as shown in Figure 5-13b.
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Figure 5-13. a) Thermogravimetric curves (experimental and calculated fit) for Cr-XSi
binary alloys (X=0, 3, 16, 19, 25) at 1200°C in synthetic air. b) Effect of Si on parabolic
constant (ky) and mass loss rate (ko).

Table 5-4. Quantitative values of ky and k- for Cr-Si alloys

Alloy | Si Content (at.%) kp (*cm*s?) kv (gem?s?)  Reduced (Chi)*>  Adj. R?

S3 3 4.5x1010 6.2x10° 0.02425 0.99331
S16 |16 1.2x10-10 1.4x10° 5.07E-4 0.99955
S19 |19 7.4x101 2.7x1010 0.00703 0.99135

525 |25 8.6x10'2 2.8x101 6.25x10* 0.99198
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5.5 Nitridation of the Cr-CrSi eutectic alloy in nitrogen

Thermogravimetric analysis was conducted on the Cr-CrsSi eutectic alloy (516) in N2-
5%H: atmosphere at 1200°C (see Figure 5-14). It is evident that the rate of nitridation
in N2-Hz atmosphere is higher than that of oxidation in synthetic air (N2-Oz). Fitting
the TG-curve corresponding to exposure in N2-Hz reveals that the kinetics of the Cr-
CrsSi alloy deviate from the parabolic rate, but can be described by the following
general power law [138]

Am

=kt 17)

where k and n are constant and equal to 0.28 and 0.74, respectively.

synthetic air i

N W R~ OO0 N

mass change (mgcm'z)

0 10 20 30 40 50
time (hours)

Figure 5-14. Comparative thermogravimetric data for two-phase Cr-CrsSi alloy (S16)
exposed to N2-5%H:zand synthetic air at 1200°C for 50h.

5.6 Discontinuous gravimetry of the Cr-Si system

Discontinuous mass change data for pure Cr and Cr-Si alloys for 1000 hours
isothermal exposure in synthetic air at 1200°C are shown in Figure 5-15. Pure
chromium shows a continuous massive mass gain which leads to a mass gain of ca.
60 mgem? after 1000h. Visual observation of a pure Cr specimen after 1000h clearly
showed that the scale was not well adherent to the metal substrate, but just loosely
connected to the substrate which is correlated to the unexpected high mass gain
observed in Figure 5-15. Mass change curves of the single phase solid-solution alloy
(S3) show severe spallation. The first oxidation cycle after 100h indicates a slight
mass gain which can be correlated with the local coverage by a thin oxide layer on

the surface after 1000h exposure. Two phase alloys also show spallation. However,
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the extent of spallation is different which can depend on the oxide remaining
coverage after each cooling cycle and can affect the mass change. In general, Figure
5-15 indicates that addition of Si significantly reduces the extent of spallation at the
end of the test and that the mass change curve of the single phase CrsSi alloy (525)
shows stable adhesion behavior throughout the oxidation test. A well adherent oxide
appeared to fully cover the specimen surface which was visually observed at the end
of the test.
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Figure 5-15. Discontinuous gravimetric oxidation measurement of Cr-Si alloys at 1200°C in

synthetic air. At each point the sample was air cooled, weighed, and returned to the
furnace (with kind permission from Springer Science and Business Media) .

5.7 Microstructural evolution in the Cr-Si system during
oxidation

Figure 5-16 illustrates an overview of cross sections of oxidized pure Cr, single phase
S3, eutectic 516, hyper-eutectic 519, and single phase S25 alloys after 100 hours
isothermal and 1000 hours discontinuous isothermal exposure in synthetic air at
1200°C.

Microprobe analysis of the oxidized pure Cr and chromium solid-solution (S3)
showed large differences in the post exposure microstructures. A ~300 um deep layer
of composition 70 at.% Cr, 30 at.% N corresponding to Cr2N, was identified on the
pure chromium substrate already after 100 hours oxidation. Chromium stripes of

average composition (90 at.% Cr, 10 at.% N) formed within the nitride layer with
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different orientations towards the surface (see Figure 5-16a). These stripes are formed
as a result of segregation of impurities which stabilize the solid-solution chromium
phase during nitridation. The nitride layer shows a sharp transition at the interface to
the Cr metal substrate. After 1000 hours oxidation, the bulk of the pure Cr coupon

with a thickness of ~2mm was completely converted into nitride (Figure 5-16f).

The solid-solution alloy S3 shows a different morphology in the subscale zone. After
100h, it shows a thin continuous nitride layer and an internally oxidized subsurface
region with finely dispersed SiO: particles. High magnification BSE images showed
needle-shaped nitride precipitates that had formed within the grains and a
continuous nitride network along the grain boundaries (Figure 5-16b). These findings
are in accordance with observations of Steinmetz et al. on post exposure
microstructures of diluted Cr(Si) alloys (0.5-5 at.% Si) oxidized in air at 1300°C for 20
hours [81]. Further oxidation of the alloy up to 1000 hours resulted in a
microstructure consisting of a ~200um thick Cr:N-layer containing internally
dispersed SiO: particles and a coarse grain boundary-nitride network (see Figure
5-16g).

Examination of the single phase S25 alloy exposed for 100h showed a subscale
microstructure composed of a ~15 um thick diffusion zone of the composition (63
at.% Cr, 37 at.% Si) corresponding to the stoichiometric CrsSis phase, which had
formed below the oxide scale (see Figure 5-16e). EPMA analysis revealed no sign of
internal nitrides or oxides after 100 hours exposure and only negligible traces of N
and O (~0.12 at.% N and 0.15 at.% O).

After 1000 hours exposure, the surface looks surprisingly different. A rough ~20 um
thick continuous Si-rich outer oxide layer remained on the surface (see Figure 5-16j).
Under the oxide layer a thin layer of the composition 40 at.% Si, 40 at.% N, 20 at.% O
corresponding to the stoichiometric Si2N2O (identified with EPMA) was observed.
This phase is typically identified as an oxidation product of SisNs [139]. In contrast to
the microstructure after 100 hours exposure, a 10 um thick A15 layer had formed
over an up to 20 um thick CrsSis diffusion layer at the metal-oxide interface, which
means that the subsurface zone of the single-phase A15 alloy undergoes a complex

microstructural evolution during the course of oxidation.

The microstructure of the eutectic alloy S16 after 100h oxidation shows a ~20 pum
CrsSi layer underneath the alloy-scale interface, with internal silicon oxide and some
nitrides below this Al5 zone, which mimics the morphology of the former solid-
solution phase in the eutectic structure. (Figure 5-16c). By extending the exposure
time to 1000 hours, the A15 layer under the oxide grows to ~55 um, with a nitrided
zone of ~150 um underneath (see Figure 5-16h).
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Figure 5-16. Post exposure cross sections of a) pure Cr, b) single phase alloy S3, c) eutectic
alloy S16, d) hyper-eutectic alloy S19, and e) single phase alloy S25, after 100h and 1000h
exposure in synthetic air at 1200°C (with kind permission from Springer science and

business media) [81].

The hyper-eutectic alloy S19 also shows a thin silicon-rich zone after 100 h, but
underneath a larger amount of the chromium solid-solution lamellae of the eutectic
network around the A15 dendrites was already selectively consumed by nitridation
(see Figure 5-16d). After 1000 hours, in contrast to alloy 516, no outer Al5 layer is
present and the depth of nitridation has strongly increased (Figure 5-16i). It forms an
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inter-dendritic nitride network throughout the eutectic region of the entire cross

section (2 mm thick) due to the merged reaction zone from both sides of the sample.

Figure 5-17 illustrates the influence of additional oxidation (O2) on nitridation of the
two-phase eutectic alloy (516). The cross section of the alloy after 50h oxidation in
synthetic air is compared to that exposed in N2-5%Ho. It is evident that in the absence
of oxygen in the N2-H: atmosphere, a nitridation affected zone of 250 pm thickness is
formed which is significantly deeper than that formed under synthetic air for which
the formation of a subscale A15 layer and a much lower extent of internal nitridation

is observed (see Figure 5-17b).
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Figure 5-17. Cross section of the two-phase Cr-Cr3Si alloy (S16) after 50h oxidation at
1200°C in a) N2-5%H?: and b) synthetic air.

5.8 Oxidation-nitridation in the Cr-Ge-Si system

5.8.1 Ge-alloyed Cr-Crs3Si alloys

The mass changes of the binary Cr-CrsSi (516) and ternary Cr-Crs(Si,Ge) alloys (SG1,
SG2, and SG12) at 1350°C are summarized in Figure 5-18. All alloys initially show a
rapid mass gain followed by typical parabolic growth. To quantify the detailed
oxidation kinetics, mass change curves were fitted with Eq. 14, as explained in
section 5.2. The fits show that oxide growth on all alloys follows the paralinear
kinetics described by Eq. 14. Several interruptions can be observed in mass change
curves in Figure 5-18. Most of these discontinuities are observed for alloy S16, while
in the Ge-alloyed specimens only one step is observed at t=18-20h. In order to
compare the effect of these discontinuities on the overall oxidation kinetics, fitting

was applied for each stage and the corresponding fitting parameters are extracted,
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averaged, and compared to the single fit applied for the complete exposure range by
averaging over stages. Since no noticeable differences are found (see Figure 5-18a),

the fit applied to the whole range was applied to further investigations.

Figure 5-19 illustrates the values of k,, and k. as a function of Ge/Si ratio. It confirms
that addition of only 1 at.% Ge to the binary Cr-Si alloy decreases both the parabolic
rate constant and the evaporation rate by up to a factor of three, while increasing the
Ge-content to 2 at.% does not further improve the oxidation kinetics. By addition of
12 at.% Ge a significant increase in both the parabolic rate constant and the
evaporation rate is observed. The TG-curve corresponding to alloy SG12 shows the

highest evaporation rate of all alloys.

Considering the results obtained so far, it is known that germanium additions higher
than 2 at.% do not improve the oxidation resistance considerably and are rather

detrimental. Therefore, 2 at.% Ge were selected for further oxidation studies.
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Figure 5-18. Isothermal gravimetric data and corresponding fits for Cr-Ge-Si alloys
oxidized in 1 atm synthetic air for 100h at 1350°C (with kind permission from John Wiley
and Sons) [14].
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Figure 5-19. Effect of Ge additions on the parabolic constant (k;) and the volatilization rate

(kv) (with kind permission from John Wiley and Sons) [14].

Figure 5-20 illustrates the thermogravimetric data for the alloys 516, SG1, and SG2
during 50h exposure at 1200°C. The mass change curves were fitted accordingly
using Eq. 14 to quantify the paralinear kinetics parameters. Addition of Ge is found
to be beneficial for oxidation kinetics as the alloy with 2 at.% Ge shows the slowest

oxidation kinetics in accordance with the results at 1350°C. Additions of Ge reduce

the maximum mass-gain by a factor of two.
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Figure 5-20.a) Thermogravimetric curves of unalloyed and Ge alloyed Cr-Cr:Si alloys

during exposures in synthetic air at 1200°C. b) Effect of Ge on the corresponding values of

the parabolic constant kp and the linear volatilization rate kv.
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5.8.2 Discontinuous Gravimetry of the Cr-Ge-Si alloys

Specific mass change data for unalloyed and Ge-alloyed Cr-CriSi two-phase alloys
after 1000h discontinuous isothermal exposure at 1200°C in synthetic air are shown
in Figure 5-21. The reference binary alloys 516 and S19 and their long term oxidation
behavior upon alloying with Ge were investigated. Isothermal tests were interrupted
with cooling stages after 50, 200, 500, and 1000h exposures.

The eutectic Cr-CrsSi alloy illustrates mass loss due to spallation of the oxide scales
upon cooling. Although 1 at.% Ge addition did not provide significant scale
adhesion, additions of 2 at.% showed less spallation with mass gains after 50h
oxidation for up to 500h. In the latest stage of oxidation, significant mass loss is also
observed, but less than that of alloy S16.

The effect of increasing both Si and Ge contents on the long term oxidation behavior
was investigated for hyper-eutectic Cr-CrsSi alloy S19 and alloy S18G1. Figure 5-21b
shows that the binary hyper-eutectic alloy S19 experiences continuous mass loss after
all cooling stages. Alloying of only 1 at.% Ge notably improves the scale adhesion as

after all cooling stages mass gain is recorded.
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Figure 5-21. Effect of Ge alloying on the long term discontinuous oxidation behavior of a)
solid-solution Crss, b) eutectic, and c) hyper-eutectic Cr-Cr3Si alloys.
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Figure 5-22. Post oxidation cross sections of alloy SG1 (a, b) and SG2 (¢, d) after 50h and
1000h exposures in synthetic air at 1200°C.

5.9 Post-oxidation morphology of Ge-alloyed Cr-CrsSi alloys

Figure 5-22 shows cross sectional element distribution maps of the oxidized Ge-
alloyed two-phase Cr-CrsSi alloys after 50 and 1000h exposure in synthetic air at
1200°C. Comparing the subsurface microstructure of the eutectic alloy S16 (Figure
5-16¢, h) with alloys SG1 and SG2 similar microstructural features can be noted; a
subsurface Al5 silicide layer and the substrate microstructure. Attention, must

however, be paid to the fine microstructure of the alloy substrate, the internal
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oxidation in the A15 layer, and the internally nitrided zone below the A15 layer
(Figure 5-21). Alloy SG1 shows an A15 silicide layer of ~22um thickness including
internal oxides of mainly chromium but also silicon. Underneath the A15 layer is a 15
um zone with selectively nitrided lamellae representing nitridation of the chromium
solid-solution phase. After longer exposures, the nitridation front advances further
into the substrate to ~300-pum depth (Figure 5-22b). Increased Ge content in alloy SG2
(2 at.%Ge) alters the extent of internal porosity that is filled with internal oxides and
more importantly the extent of the nitrided zone which does not appear even after
1000h (see N map in Figure 5-22¢,d). Compared to alloy SG1, Ge saturation is more

significant at the metal-oxide interface and especially in the subsurface A15 layer.

Figure 5-23 shows the quantitative line scan starting from the metal-oxide interface
up to the end of the Al5 subscale layer in the S16 alloy. Formation of a layer with
~105 pm thickness is evident which represents the stoichiometric composition of the
CrsSi phase. Throughout the Al5 layer, a gradual chemical gradient is observed
having Cr concentrations of 75.4 and 77.7 at.% observed at oxide-substrate interface
and the inner end of the layer, respectively. A correlative gradient is observed for Si
across the Al5 layer. Below the A15 layer, the first Crs lamellae are evidently

transformed into nitride with ~30 at.% N content (see Figure 5-23a).

Quantitative line scans of alloy SG2 (Figure 5-23b), reveal a significantly thinner A15
layer with a thickness of ~52 um. Similar composition gradients as for alloy S16 are
observed at both sides of the A15 layer with 2 at.% difference in Cr contents across
the A15 layer. It should be noted, however, that contrary to alloy 516, the gradients
of Si and Ge are higher than that of chromium as composition differences of ~4.4 and
~3.8 at.% are observed for Si and Ge at the two sides of the A15 layer (see Figure
5-23b). Beneath the A15 layer, a fluctuation of the chromium content between ~93
and 77 at% can be detected which corresponds to the lamellar structure. The
composition of the Crss lamellae below the A15 layer show a negligible content of
nitrogen (~ 0.1 at.%) which is similar to that measured in the A15 lamellae. The
average compositions of the subscale A15 layers in alloys S16 and SG2 are listed in
Table 5-5. As Table 5-5 shows, negligible solubility of nitrogen (0.1 at.%) in the A15

phase is detected while there is no solubility for oxygen.
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Figure 5-23. Quantitative line scans of elements through the subsurface region of oxidized
a) S16 and b) SG2 alloys after 1000h oxidation at 1200°C.

Table 5-5. Average composition of the A15 silicide layer after 1000h oxidation at 1200°C.

Elements A15 subscale layer
S16 SG2

(@] 0 0

Si 23.3 19.7

Cr 76.6 76.4

N 0.1 0.1

Ge 0 3.6

5.10 Characterization of the oxide scales

5.10.1 Oxide scale morphology

Figure 5-24 shows the morphology of the outer surface of the thermally grown scale
on different alloys after 100h exposure at 1200°C in synthetic air examined using the
SEM. The chromia scale formed on pure chromium shows a fine-grained
morphology with microscopic wrinkles forming a wavy oxide topology. As Si is
added to chromium (see Figure 5-24b), the morphology of chromia seems to be finer

than that of pure Cr. However, very large crystals (20-50pum) with typical trigonal
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facets embedded in the fine structured scale appear on the surface. Signs of

deformation are evident on the crystals as parallel lines on theirs facets formed on

alloy S3. Lateral parallel lines indicate dislocation slip planes parallel to the scale

growth direction (Figure 5-24b).

1 O 20 um

Figure 5-24. Morphology of the oxide scales formed on a) pure Cr, b) S3, ¢) 516, and d) SG1
after 100h oxidation in synthetic air at 1200°C.

Table 5-6. Compositions of the isothermally grown oxides illustrated in Figure 5-24.

Alloy

Pure Cr
S3

S16
SG1

Scale composition (at.%)

Cr

48.83
47.19
39.34
39.19

Si Ge O

0 0 51.17
036 0 52.45
030 0 60.37
0.34 0.04 60.43

The oxide scales formed on alloys 516 and SG1 illustrate a morphology composed of

a fine chromia matrix and larger chromia single crystals compared to those seen on

alloy S3. The single crystals, however, show significantly fewer parallel lines and
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rather shiny facets (Figure 5-24c-d). SEM images clearly indicate that these crystals

form initially within the oxide and grow further outwards from the surface.

The chemical compositions of the outer surface of the scales shown in Figure 5-24 are
listed in Table 5-6. They indicate that regardless of the alloys original Si content, the
scales contain approximately similar amounts of 0.3 at.% Si for all alloys. In Alloy
SG1, the oxide scale shows negligible traces of Ge (Ge = 0.04 at.%).

The morphology of the oxide scales after 50h isothermal exposure at 1050°C are
shown in Figure 5-25. The morphology of the chromia scales looks different from that
of the alloys oxidized at 1200°C. Scales formed on the alloys S3, S16, and SG1 at
1050°C show a coarser grain structure compared to those formed at 1200°C. In
addition, the large embedded single crystals do not appear on the oxide surface (see
Figure 5-25b-d).

“, o ‘; SN >

SG1 20 m
Figure 5-25. Top view of the chromia scales formed on a) pure Cr, and alloys b) S3, c) S16,
and d) SG1 after 50h oxidation at 1050°C.

S16 o

The inner side (facing the metal surface) and the chemical composition of the spalled
scales of alloy S3, 516, and SG1 formed after 100h exposure at 1200°C are presented
in Figure 5-26. The existence of SiO2 underneath the chromia scale is evident as Si-

rich phases in the form of particles appear when 3 at.% Si is added (Figure 5-26a).
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Similar Si-rich regions are detected on the inner side of the scales formed on alloy S16
and alloy SG1 (Figure 5-26b-c). The detected zones locally cover the inner side of the
scale. The local observation of Si-rich oxide on the inner side of the scale could mean
that SiO2 residues should be expected in contact with the metal substrate. It has to be
noted, however, that locations away from these zones still show significantly higher
Si contents compared to the composition of the outer side (see Figure 5-26b). It is
important to note that the wrinkles observed on the outer side of the scale (Figure

5-24) appear as deep cavities on the inner side of scales (see Figure 5-26b-c).

Cr] Si]| O
15.3[24.1|60.6

26.0]12.0161.9]0.1

Figure 5-26. Inner side morphology and composition of the spalled scales which had faced
the metal surface on alloys a) S3, b) S16, and ¢) SG1 after 100h exposure at 1200°C.
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5.10.2 Crystallographic Structure of the oxide scales

X-ray powder diffraction patterns of the finely ground oxides formed after 1000
hours exposure at 1200°C are shown in Figure 5-27. They reveal that the
predominant oxidation product in all Cr-Crs3(Si,Ge) alloys is Cr20s with an eskolaite
crystal structure. Comparing the diffractograms representing the oxide scale for pure
Cr with that of the Si containing alloys, a low intensity peak can be noted at 26 =~ 10°
which corresponds to (100) a-cristobalite (5iOz).

cristobalite(100)

| SG2 £_I7

SG1 o)

S [.S25 e
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s
Cr100 A
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Figure 5-27. X-ray diffraction patterns of the spalled oxide scales after 1000h oxidation at
1200°C (note the single SiO: reflection at 20 = 10°).

The refined X-ray diffraction data on one of the single crystals observed on the scale
surface of the alloy SG1 indicate that it is a single crystal of eskolaite (Cr20s) with
lattice constants of a=b = 4.958(1) A, ¢=13.596(1) A, a = =90°, y=120°.

5.10.3 Morphology of the subscale surface

The morphology of the oxide remnants on the substrate after scale spallation after
100h continuous and 1000h discontinuous isothermal exposures is shown in Figure
5-28 and Figure 5-29, respectively. Figure 5-28a shows a position where the cross

section of the chromia scale is visible with a thickness of ~15-20 um. The scale is
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obviously detached from the substrate. Dispersed crystals growing perpendicularly
to the substrate can be detected on both the inner side of the scale and the substrate
surface. EDS results indicate that these particles are pure SiO: (see Figure 5-28a). At
lower magnifications of a spot, where the oxide had spalled, it is clearly seen that
SiO: particles are concentrated at grain boundary regions. The back scattered image
clearly shows that these SiO: particles are surrounded by a Cr.Os matrix which
covers the surface of the alloy (Figure 5-28a). The subscale morphology of the
eutectic binary alloy (516) shows a higher coverage with SiOz2 which is proven by
EDS analysis (Figure 5-28b). SEM analysis of multiple parts of the specimen (not
shown here) showed that the SiO: is covered with Cr0s. However, at some parts,
spallation leads to the appearance of a SiO: layer underneath chromia. SEM analysis
of the morphology of alloy 525 in BSE mode shows a uniform SiO: layer with higher
coverage (Figure 5-28c) determining the threshold to form a continuous outer SiO2
layer in this system. Alloy SG1 shows a similar morphology to alloy S16 (Figure
5-28d). The coverage of SiO2and Cr20s is clearly shown in BSE mode. EDS analysis

Zone Cr Si [0}
1 11 313 676
2 56.8 06 427
3 384 127 48.91

Zone Cr Si (o]
1 1.3  40.13 586
2 43.2 26.3 30.5

Zone Cr Si (o] Ge
1 51.8 143 329 1.1 5etS
2 08 363 627 0.2

"" " M ‘
P e —
Figure 5-28. Evolution of the subscale substrate of the alloys after 100h isothermal
oxidation at 1200°C. a) S3, b) S16, and ¢) S25and d) SG1, EDS results show the
compositions of the white squares in at%.
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Figure 5-29. Evolution of the subscale surface morphology on alloy a) S3, b) S16, c) 519, d)
S25, e) SG1, and f) S18G1 after 1000h discontinuous isothermal exposure at 1200°C.

on the dark and bright parts of the image indicates the composition of the oxides,
where position 1 and position 2 in Figure 5-28d represent Cr20s; and SiO.,
respectively. Attention must be paid to the Ge signal in the EDS spectra revealing up
to 1.1 and 0.2 at.% Ge in Cr20s-rich and SiOz-rich oxides, respectively.

Figure 5-29 shows the morphology of the oxide remnants on the substrate alloys
which were discontinuously oxidized for 1000h at 1200°C. The corresponding mass
change profiles of these substrates are presented in Figure 5-15 and Figure 5-21. The
dispersed SiO: crystals observed in Figure 5-28a are still evident after 1000h
oxidation on the subscale surface of alloy S3 (Figure 5-29a). Higher Si content in alloy
S16 and S19 increases the coverage of SiO: which shows in some areas higher
adherence to the overlaying chromia layer. For instance, alloy S19 shows a pattern of
dendritic shape chromia (light grey area) surrounded by SiO»-rich regions (dark
area). The light grey area represents higher adhesion of chromia to the underlying
silica layer in those regions while the darker area shows the spallation of chromia
from the silica layer in Figure 5-29c.
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Single phase CrsSi alloy S25 represents an adherent chromia scale which did not spall
during discontinuous oxidation and cooling cycles. The outer scale was similar to
those described in section 5.10.1. To understand the source of adherence, some part
of the outer scale was carefully scratched off to see the morphology underneath the
outer chromia oxide layer. Underneath the outer chromia layer a network had
formed, composed of SiO: with macro-pores in the range of (30-50 um) covered with

chromia crystals (Figure 5-29d).

The effect of Ge addition on the adhesion of the oxide scales can be seen by
comparing the morphology of alloys SG1 and S18G1 with that of the alloys 516 and
519, respectively. It is shown that alloy SG1 has a higher coverage of chromia on the
underlying SiO: layer. (Figure 5-29). A similar feature was observed for alloy SG2
(not shown). Signs of chromia spallation revealing dark SiO: areas on alloy S19 are
significantly reduced for alloy S18G1 (compare Figure 5-29e and Figure 5-29f). The
overall composition of the oxide layers indicates that addition of Ge to the S16 and
S19 alloys increases the Ge content in the oxides accordingly. Up to ~3.5 and 0.7 at.%
Ge is measured on the substrate surface of alloy SG1 and S18GI, respectively.
Enrichment of Ge in some areas of the oxide layers is clearly visible as white areas
(Figure 5-29e-f).
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6 DISCUSSION

6.1 Oxidation and nitridation of pure chromium

The parabolic rate constants for oxidation in air (k), in oxygen (kp*), and nitridation
in nitrogen (k") were measured at temperatures of 950-1200°C. The typical
Arrhenius plot showing the comparative dependence of k, values for oxidation of
pure chromium determined in this work and in the literature is illustrated in Figure
6-1. The sources of discrepancies in the reported k, values in the literature have
already been discussed in section 2.5.1. However, additional facts should be added to

the sources of discrepancies discussed in the literature.

Firstly, k, values reported for pure chromium oxidized in air (O2-N2) are often
compared with the values obtained from oxidation in pure oxygen atmosphere (see
Figure 6-1). It is shown in Figure 5-2 that nitridation of chromium in nitrogen is
significantly faster than oxidation in oxygen atmosphere. Interestingly, the
aggregated rate of oxidation plus nitridation in the multi-oxidant atmosphere (i.e.
synthetic air) is approximately similar to the sum of independent oxidation and
nitridation rates in single oxidant atmospheres. This implies that nitridation adds the
main contribution to the parabolic mass change in air which induces a significant
difference compared to the parabolic rate constant in pure oxygen. In agreement with
this finding, literature k, values reported for chromium oxidized in air are often

reported to be higher than those oxidized in pure oxygen (see Figure 6-1).

Secondly, thermogravimetry of chromium oxidation at high temperatures is usually
accompanied by the formation of discontinuities leading to multiple growth steps

which in turn, increase the total mass gain and the overall kinetics of oxidation (see
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Figure 5-1). Formation of these steps influences the final value of the parabolic rate
constant and reflects the observed discrepancies in the reported ky values. In-situ
acoustic emission and electron microscopy of scale cross sections clearly showed that
discontinuities in the thermogravimetric curves occur as a result of local oxide failure
such as microscopic cracking and blistering, scale detachment, etc. during scaling.
Formation of discontinuities as a result of local defect formation in the oxide is a

stochastic event and therefore, can hardly be predicted.
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Figure 6-1. Influence of temperature on the parabolic rate constant of pure chromium.
Results of this work are marked as squares and stars.
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The third factor is volatilization. The kinetics of oxidation at temperatures higher
than 900°C should include an additional negative term, k.. However, in most
references, ky is solely calculated from a parabolic relation without taking the
negative term into account which can lead to different values [23,68]. Considering the
above mentioned influences and variations in data evaluation and those discussed in
section 2.4, it is not surprising that different rates of oxidation are reported from
different experiments (see Figure 6-1). The temperature dependence of oxidation,
volatilization and nitridation follows an Arrhenius relation (Eq. 5) where Q is the
activation energy. Activation energies calculated based on quantitative data in Table
5-1 are summarized in Table 6-1. The activation energy of oxidation in Oz atmosphere
in this work is higher than those reported by Caplan et al. [54], Kofstad et al., and
Gulbransen [35,39] which can be related to differences in surface preparation as none
of the references used mechanically polished specimens. Other methods such as
thermally etched, electro-polished and etched surfaces were used in these works (see
Table 1).

It is frequently reported that volatilization of chromia becomes important above
900°C [35,39,40,94,95]. The activation energy of volatilization during oxidation of
pure chromium in air and in pure oxygen is listed in Table 6-1 . The close range of
activation energies obtained for oxidation in air and Ar-O: atmospheres indicates the
mutual mechanism of volatilization which is governed by Eq. 8. In fact, as Py, in both
atmospheres is the same, nitrogen and argon are not expected to affect volatilization.
To the best of my knowledge, this is the first time a value is given for the activation
energy of volatilization of thermally grown chromia; Hagel reported the activation

energy for volatilization of sintered chromia as 204.2 kJmol! [41].

Table 6-1. Activation energies for parabolic growth, volatilization, and nitridation of pure
chromium in different atmospheres.

Reaction Atmosphere Temperature (°C) Q (kJmol?)
Oxidation-Nitridation Syn. air (N2-21%02)  950-1200 248.6
Volatilization Syn. air (N2-21%0z2)  1050-1200 296.7
Nitridation N2-5%H> 950-1200 229.4
Oxidation Oxygen (Ar-20%02)  950-1200 404.1
Volatilization Oxygen (Ar-20%0z)  950-1200 259.7

Figure 5-1c shows the kinetics of nitridation in N2-5%H> atmosphere at all testing
temperatures. Thermogravimetric results of nitridation of Cr in N2-H2 atmosphere
indicate that nitridation is diffusion controlled showing a parabolic mass gain profile

[88,127]. As oxygen is not present in the N2>-H: atmosphere, volatilization is not
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expected to occur and Eq. 8 does not apply. Thus, the kinetics should solely be

governed by parabolic kinetics.

The result in Table 5-1 are used to calculate the Arrhenius relation for temperature

dependency of the nitridation rate k" as
kit = 0.00071 exp( _229359/RT) (g?cm™*s72). (18)

Comparing the parabolic rate constants shown in Figure 5-2 reveals that the
parabolic rate of mass increase in air (k,, ) is approximately similar to the sum of the

parabolic rate constants in oxygen (kp*) and nitrogen atmosphere (k;it) (Eq. 16).

On the other hand it is observed that the isothermally oxidized samples in air show a
nitride layer underneath the chromia scale in the form of a continuous nitride layer
with a sharp diffusion front to the metallic substrate (see Figure 5-16a). These
observations are in accordance with others observations [32,83,84,140] and indicate
that chromia does not act as a protective barrier against nitrogen at high
temperatures. Nitrogen penetrates through the chromia scale and leads to the

formation of a uniform nitride layer.

Three hypotheses can be put forward for nitrogen transport through chromia and

subsequent Cr2N formation under the chromia scale. .

1. Some refer to the thermodynamic requirement for the stability of chromium nitride
which requires high nitrogen partial pressure and extremely low oxygen partial
pressure. Besides, nitrogen shows negligible solubility in chromia [78]. Therefore,
they argue that lattice diffusion of nitrogen in chromia scale cannot take place and
thermodynamic conditions can exclusively be granted if scale breakdown or macro
cracking take place during oxide growth [23]. However, oxide cracking in air gives
way to both nitrogen and oxygen. As a result within a crack the oxygen partial

pressure cannot be low enough for the nitride to become stable (see Figure 2-4a) [23].

2. Some others utilized atom probe tomography (APT) to reconstruct the oxide
microstructure after high temperature exposure in CO: atmosphere. They observed
carbon in chromia grain boundaries and assumed that carbon, and in fact other
interstitial elements such as nitrogen can penetrate through chromia via grain
boundary diffusion [141,142].

3. The third hypothesis is based on dynamic micro-crack formation and a healing
process mechanism in the scale via the following progress. The counter current
diffusion of chromium and oxygen in the chromia scale grain boundaries causes
formation of fresh oxides within the scale. Unlike the growth at the scale-gas

interface, this growth process is not stress free. In fact, formation of the new oxide
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grains inside the scale leads to compressive stress in the adjacent grains and
numerous formations of new oxide grains inside the scale can cause a large
accumulative compressive stress. For the example of NiO, Rhines and Wolf proved
the development of compressive stresses by the countercurrent diffusion of oxygen
anions and metal cations [143]. Later Atkinson et al. showed that the intrinsic
compressive stresses in NiO causes micro-crack formation at the oxide grain
boundaries which facilitates molecular oxygen transport through the scale [144].
Despite the lack of experimental data, a similar process can be expected for chromia
as enormous intrinsic growth stresses are observed in thermally grown chromia
[44,56]. The micro-cracks can be accordingly healed with the fresh oxide. The
superposition of micro-cracking and healing processes can continue along the scale
as long as the new oxide formation inside the scale continues. The dynamic crack
formation and healing process leads to the "permeability" of the chromia scale for
quasi gas-phase transport (nitrogen and oxygen) through the scale which can
temporarily be open to the gas atmosphere [145]. Thus, during oxidation in air,
molecular oxygen and nitrogen can simultaneously permeate through the scale via
the dynamic micro-crack network explained above. Oxygen is consumed for the
healing process (for formation of the fresh oxide grains). Therefore, molecular
nitrogen passes through the micro-crack network towards the chromium substrate.
In this case, thermodynamic conditions are fulfilled for the formation of the
chromium subnitride Cr2N. A schematic illustration of the hypothesis is shown in
Figure 6-3.

None of these theories have been experimentally proven yet. However, the
probability of each theory based on thermodynamics and kinetics of nitridation can

be discussed.

The formation of Cr2N requires a significantly lower partial pressure of oxygen than
that of nitrogen (see Figure 2-4). Macro-crack formation and oxide breakdown in air
gives way to both nitrogen and oxygen at the same time leading to oxide
stabilization rather than nitride formation. Thus the theory based on oxide macro

cracking and oxide break down is not thermodynamically feasible.

The second theory based on the permeation of nitrogen through the scale via grain
boundary diffusion has a certain thermodynamic probability. However, it should
also be kinetically feasible. The kinetics data listed in Table 5-1 shows that the rate of
nitridation of chromium is approximately three times faster than that of oxidation.
Based on this theory, both nitrogen and oxygen are assumed to diffuse along the
grain boundary. Thus, in order to meet the thermodynamic requirements for nitride

stability, the diffusion rate of nitrogen along the chromia grain boundaries should be
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markedly higher than that of oxygen. Furthermore, the solid state diffusion rate of
nitrogen through the chromia scale should be higher than that in the chromium
metal substrate to assure enough nitrogen supply for continuous nitride formation.
The use of atom probe tomography is of great help to reveal the transport
mechanism. Nevertheless, no experimental data exists for the nitrogen transport in
chromia. The observations made for the transport mechanism of carbon are assumed
to be similar for nitrogen [141,142]. Local carbon segregations at the chromia grain
boundaries are evident in these studies. Considering the grain boundary diffusion of
carbon in these studies, it is surprising that carbon is not equally distributed in the
grain boundaries and not all the grain boundaries contain carbon. Furthermore, most
of the chromia-forming steels do not show internal nitridation. For instance, the
stainless steel AISI 446 shows no internal nitridation after 100h oxidation in air when
a continuous chromium oxide is formed on the surface (see Figure 6-2). However,
nitrides can form locally under the oxide nodules resulted from local oxide failures.
With the assumption of nitrogen transport along the grain boundaries, one would

expect nitride formation in all chromia-forming steels.

T
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Figure 6-2. Cross section of stainless steel AISI 446 after 100h oxidation in air at 1000°C.
Note the local nitride formation under the oxide nodule after [146].

The third hypothesis based on dynamic micro-crack formation and healing process
can meet both mentioned thermodynamic and kinetic requirements. The dynamic
formation of micro-cracks and their healing can lead to nitrogen transport through
the scale, oxygen consumption resulting in marked decrease in the partial pressure of
oxygen at the scale-metal interface and leading to the thermodynamic stability of
chromium subnitride. The dynamic cracking and healing can provide a fast nitrogen

supply through the scale via the molecular gas transport process. Due to the fast
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kinetics of the process, it can be expected that some nitrogen molecules trapped in
the grain boundaries and do not proceed to the next neighboring micro-crack until
the next micro-crack appears in the adjacent boundary. This can lead to local
observations of nitrogen at grain boundaries similar to what was observed in the

atom probe measurements for carbon atoms [141,142].
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Figure 6-3. Schematic illustration of the molecular nitrogen transport via a dynamic micro-
crack formation-healing process. (a) fresh oxide formation inside the scale, (b)
development of growth stresses, (c) micro-crack formation and molecular gas transport, (d)
cracking-healing-cracking (oxygen consumption) and molecular nitrogen transport.
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Kinetics and thermodynamic approaches can be taken to mitigate nitridation in pure
Cr via additions of alloying elements. As for kinetics, the diffusion of nitrogen can be
controlled by alloying elements. In two phase alloys, this can be offered by a second
phase with a low nitrogen permeability which can act as a barrier against nitridation.
Alloying of an element can also promote a second oxide layer which is more

protective and stable than chromia at high temperatures.

Thermodynamically, the addition of an alloying element can lead to the stabilization
of an alloy in nitrogen containing atmospheres by shifting the nitride stability zone
towards higher partial pressures of nitrogen preferably above atmospheric pressure.
Similarly, a second phase with higher nitrogen stability can form via alloying which

enhances the nitridation resistance of the alloy.

The oxidation behavior resulting from alloying will be discussed for the Cr-Si and

the Cr-Ge-Si systems in the following.

6.2 Oxidation behavior in Cr-Si binary alloys

The binary Cr-Si system in the chromium rich section (Cr > 75 at.%) contains three
phase fields starting with (from the lowest Si content) solid-solution Cr (S3), two
phase Crs-CrsSi (hypo-/hyper-) eutectic (516, S19), and single phase A15 silicide
phase (525). The high temperature oxidation behavior of alloys in the Cr-Si system
differs based on the composition and individual phases in the microstructure. The
oxidation behavior of multiphase alloys is in many aspects different from single
phase alloys and mostly more complicated. These differences mainly arise from the
diffusion behavior of alloy components and the thermodynamic stability of
individual phases during oxide growth [129]. Gesmundo et al. intensively
investigated the mechanism and modes of oxidation of two-phase alloys in single
oxidant atmospheres (O:) [129,147]. It is generally agreed that the oxidation
mechanisms of different multiphase alloys are not similar. Thus, understanding the
mechanism of oxidation in two-phase Cr-Cr:Si alloys requires multilateral
investigations. In order to show the role of each individual phase during oxidation
single phase alloys representing each constituent phase of the two-phase alloy
should be first separately investigated. Until recently, there has been only a limited
number of studies devoted to this approach for two-phase alloys [13]. In this work,
the alloys S3 and S25 representing Crss and the A15 silicide phase in the two-phase
Cr-CrsSi alloys were studied and their kinetics and thermodynamics of oxidation and

nitridation were investigated individually and in combination (two-phase alloy).



Chapter 6: Discussion 79

6.2.1 Single phase solid-solution alloy (S3)

Thermogravimetric data showed that the kinetic parameters of Cr-Si alloys (i.e. ky
and ko) are significantly reduced by the addition of 3 at.% Si to chromium in single
phase solid-solution (Figure 5-13). The achievement of a protective SiO: layer as a
result of Si alloying is possible when the Si content in a single phase alloy lies above
the critical concentration of Si (N, ;). This value can be obtained from the solution of
general equation for diffusion and can be expressed by Wagner’s expression (Eq. 19)
[145,148,149].

1
K\ /2
Nesi = (22) (19)
with
K, = ( 24 )Zk (20)
L uMo, 4

where V, is the molar volume of the alloy, u is the ratio of oxygen anions to metal

cations in the oxide (for SiOz, u = 2), D is the inter-diffusion coefficient, and M,, is the

molecular mass of oxygen. Eq. 19 indicates that the ratio ki/ p is characteristic for an

alloy to form a protective scale. The N ; value could be even higher than what Eq. 19
predicts when a less protective outer scale (here chromia) is initially formed [150].
Although the value of critical Si concentration cannot be calculated (due to the
unknown diffusion coefficients), the broad range of internal oxidation in Figure
5-16c-d composed of SiO: internal precipitates indicates that the concentration of Si

was not sufficient to form a continuous SiOz layer.

SEM results on the isothermally oxidized alloy S3, however, clearly show that the
crystalline SiO: particles are locally formed at the metal-scale interface, mainly at the
grain boundaries (see Figure 5-28a). The partial coverage of the metal-oxide interface
with SiO: particle reduces the available surface area for Cr outward diffusion leading
to reduced oxidation kinetics. On the other hand, it is known that a significant part of
the apparent chromium diffusion during oxidation is supplied from grain
boundaries [44]. Thus, formation of SiO: particles at grain boundaries can block the
major chromium outward diffusion path and reduce the oxidation rate. This
hypothesis is in good agreement with findings of Bamba et al. who reported the

beneficial influence of local SiO: formation for Fe-Cr alloys [151].

Doping of Si in chromia scales can also be considered in correlation with the
oxidation kinetics, as EDS results indicated that traces of Si exist in the chromia scale

formed on alloy S3 (see Table 9). The solubility of Si in chromia can change the defect
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structure in chromia by annihilating interstitial Cr defects (Cr;") via the following

reaction:
Cr03
38i0, + Cr;" — 3Sig, + CrE + 608 (21)

which in turn can reduce the rate of oxidation [152]. The extremely reduced internal
nitridation for alloy S3 should be taken as a key factor for the significantly lower

mass gain during oxidation (Figure 5-13).

6.2.2 Single phase A15 silicide alloy (525)

The single phase A15 CrsSi silicide alloy (S25) showed the highest oxidation
resistance amongst the investigated Cr-Si binary alloys (Figure 5-13). The activity
profile in this composition range (23-25 at.%) shows that the activity of Si is raised
close to that of chromium. In accordance with the higher thermodynamic stability,
multiple signs of formation of external SiO2 were clearly observed. X-ray diffraction
results showed that the scale contains crystalline SiO: (Figure 5-27). SEM/EDS
observations showed higher (but not continuous) coverage of SiO2 compared to that
of alloy S3 after 100h isothermal exposure. However, after 100h oxidation, chromium
oxide was still the major oxidation product in alloy S25 (Figure 5-28c). At this point,
the reduced oxidation kinetics of single phase A15 alloy 25 can be attributed to the
higher partial coverage of SiO: leading to less Cr-consumption at the alloy-scale
interface and in turn, less outward Cr-transport. It is noteworthy that the ki/D ratio in
the A15 single phase is different from that of the Cr solid-solution phase. The
diffusion behavior in the intermetallic A15 phase significantly differs from that of the
single phase solid-solution alloy. During the first 100h of oxidation, chromium was
the major diffusing element and the outward Cr transport in the A15 substrate
resulted in Cr depletion at the subsurface region which in turn, changes the
composition at this zone to the stoichiometric CrsSis silicide at the alloy-oxide

interface (see Figure 5-16e).

Surprisingly, after 1000h discontinuous isothermal exposure, alloy S25 formed a
continuous Si-rich oxide layer beneath the chromia scale (see Figure 5-16j and Figure
5-29d). This layer with a full coverage of the surface is well adherent to the surface
and the outer chromia layer (see Figure 42d). Indeed, the exceptional long term
oxidation resistance of the single phase silicide alloy (525) can be attributed, to a

large extent, to the formation of this Si-rich oxide layer.

Cross section microscopy and EPMA maps of alloy S25 after 100h and 1000h
oxidation shown in section 5.4.2 revealed the mechanism which leads to the

evolution of oxide scales at long exposure times. In fact, the evolution of scale
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composition with time is induced by the alteration of the diffusion behavior in the

subscale zone which is governed by microstructural evolution.

The physical metallurgy behind this microstructural development can be explained
by the defect structure and diffusion behavior of the A and B elements in AsB silicide.
Calculations and experimental studies on the diffusion behavior of A and B elements
in several A15 structures (NbsSn, VsSi, VsGa ....) all agreed that the B element (i.e. Sn,
Si, and Ga) diffusion rate is negligible and in some cases not even measurable. As
extensively discussed in the literature [153-155], this behavior can be explained by
consideration of the A15 structure. The A15 structure has two types of sublattices for
A and B elements. In a perfect crystal each A atom has a coordination number of 14
consisting of 10 A atoms and 4 B atoms while the atom B is surrounded by 12 A
atoms (Figure 6-5). This clearly shows that while element A can easily diffuse
through its sublattice by hopping to its neighboring vacancy or anti-site defect in
sublattice B, diffusion of element B exclusively requires anti-site defects in sublattice
A since atom B needs to jump over its neighboring position and move to the next B

site in its own sublattice.

Considering the A15 crystal structure of CrsSi, it can be concluded that during
oxidation at high temperatures, A15 CrsSi primarily supplies chromium to the
surface. It should be noted however, that although Si is not as mobile as Cr, it can
still be oxidized close to the surface without requiring a significant diffusion rate as

SiO:2 formation is thermodynamically more favorable than Cr20s [14].

Selective outward diffusion of Cr again results in extensive depletion of chromium
below the scale and further enrichment of silicon, which can even stabilize the D8m

CrsSis of composition 63 at.% Cr and 37 at.% Si (see Figure 2-8a and Figure 6-6).
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Figure 6-4. Activity profiles of Cr and Si in the Cr-Si binary system at 1200°C [156].

Figure 6-5. The coordination and bonding structure of Si (left, a-direction) and Cr (right, b-
direction) in the A15 Cr3Si unit cell. Cr is in green and Si is in grey. Cr-Cr bond (white),
Cr-Si bond (red).

D8m CrsSis silicide exhibits a different diffusion behavior than the A15 phase.
According to diffusion studies on different XsSis refractory silicides (X= Nb, Mo,V
and W), it was found that in this intermetallic structure Si is the predominant
diffusing species [154,155]. The ratio of the diffusion coefficient of Si to the refractory
element in this phase was found to be 31 and 103 for NbsSis and MosSis, respectively
[157,158]. Although such data are not found for CrsSis, the observation of Si depletion

at the subscale diffusion zone proves the predominant outward diffusion of Si from
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the initially formed CrsSis layer during isothermal exposure (see Figure 6-6).
Additionally, the activity of Si in this phase suddenly rises to a level above the
activity of Cr which facilitates formation of SiO: (see Figure 6-4). At this point, the
depletion of Si again results in a stabilization of the second Al5 layer between the
substrate surface and the earlier formed CrsSis diffusion layer and the formation of
Si-rich oxide and oxy-nitride at the metal surface (see Figure 5-16j and Figure 6-6).
Thus, the formation of a continuous protective Si-rich oxide layer in the A15 alloy
525 arises from the sudden increase of the diffusion rate of Si in the CrsSis phase
formed during oxidation.

T K T T T . T
100 -q 100h -
Cr,Si
or crsi, ! LT
$O1, YYVVVVVVVVVVVVVVVVVVVVVVVYYY
60 L rvvrrrrvrrree —=N|]
—e—Si
v Cr|
40 e
00000000000000000 o0
20 -
~
X ot ]
‘é L 1 1 I 1
N~ 0 10 20 30 40 50
<
.E T ¥ T T T T T T L T ¥ T x
Siotb 1000h -
5
§ g0 |- oxide scale  SiN,0 CrSi CrSi;,  CrSi |
Q L ik + }
<
)
Q 60 4
40 .
20 .
0 a
1 1 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 8 90 100
position (um)

Figure 6-6. Cross sectional quantitative EPMA analysis of single phase CrsSi alloy
oxidized at 1200°C in synthetic air after a) 100h (Figure 5-16e) b) 1000h (Figure 5-16j).

6.2.3 Two-phase Cr-CrsSi alloys

The oxidation behavior of alloys representing Crss and the Al15 silicide phase was
discussed in the previous section. It was revealed that at least for the first 100h,
oxidation in both alloys is governed by primary outward diffusion of chromium. In

the case of A15 silicide, evolution of the subscale microstructure resulted in primary
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Si diffusion after a certain exposure time. It is also observed that the A15 silicide is

the most oxidation resistant phase.

Thermogravimetric results indicated that the oxidation kinetics of eutectic (S16) and
hyper-eutectic (S19) Cr-CrsSi alloys lie between the oxidation kinetics of alloys
representing the individual phases (see Figure 5-13). Alloy S19 showed slower
oxidation kinetics than alloy S16.

Oxidation of two-phase alloys is somewhat different from that of single phase alloys.
Depending on whether the individual phases oxidize independently or
cooperatively, oxidation products may change in composition and morphology
[129,159,160]. From a thermodynamic point of view, it is important to note that
regardless of differences in the chemical composition of individual phases, the
chemical potential and therefore, the activity of Cr and Si in both solid-solution and
A15 phase must be similar when they are in equilibrium with each other (see Figure
6-4). Nevertheless, deviation from equilibrium in real practice can occur due to the
primary diffusion of one alloy component, which in turn, may cause disappearance
of a phase in the oxidation-affected zone. In addition, significant differences in
oxidation behavior of individual phases due to the different availability of the most
protective scale forming alloy component can disturb the thermodynamic
equilibrium condition [129]. Thus, formation of oxidation products and evolution of
the subscale substrate may be different from what the equilibrium thermodynamics
expects. Important factors in the two-phase alloys are the diffusivity and
concentration of elements to enable protective scale formation. These factors depend
on size, shape, crystal structure, volume fraction, and composition of the matrix
phase [13]. Gesmundo et al. reviewed the modeled oxidation process for two-phase
alloys utilizing a so called “reservoir effect”. This effect is observed in alloys in which
the most protective oxide former alloy component is supplied through the second
phase precipitation dissolution process (e.g. dissolution of NbAls precipitates in the
NiCrAl system). Figure 6-7 illustrates the mechanism schematically. They discussed
that if the precipitation phase fraction is high enough, the dissolution process will be
uniform with a planar front which is favored by lateral diffusion of alloy components

in the region of transition between the single- and two-phase zones.
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Figure 6-7. a) Schematic illustration of the two-phase alloys with solute-rich precipitates
acting as a reservoir for the growth of a solute scale (BO), b) The precipitate dissolution
effect during oxidation of Nb-49A1-20Cr-1W-0.1Y alloy after 100 one-hour cycles at 1200°C
in air. After [13,161] (with kind permission from Springer Science and Business Media).

At the first glance, post-oxidation microstructure of the Cr-CrsSi eutectic alloy
resembles those observed in a precipitation dissolution process discussed by
Gesmundo and Gleeson et al. [13,129], where the precipitates were dissolved by
outward diffusion of the more stable oxide forming alloy constituent (e.g. Cr in Fe-Cr
alloys and Al in Nb-Al-Cr alloys). However, unlike the alloy systems described there
(e.g. 25Cr-20Ni steel with Cr-rich Cr23Cs precipitates [162,163], or Nb-49AI-20Cr-1W-
0.1Y with Al-rich NbAls precipitates), alloy S16 shows Cr-rich phase (Crss) dissolution
instead of the Si-rich phase CrsSi ( compare Figure 6-7 with Figure 5-16c).

It was shown in the previous section that the diffusivity of Cr in both Crs and the
A15 silicide phase is higher than that of Si. Furthermore, the activity of Cr in the two-
phase alloy is higher than that of Si. Therefore, chromium is the primary oxidizing
alloy component in the two-phase alloy. Thus, outward supply of chromium leads to
depletion of chromium in the subscale zone. To maintain the two Crs and CrsSi
phases in equilibrium, the Cr-rich phase (Crss) supplies more chromium and its Cr
content decreases. This in turn, results in destabilization of the Crs phase in the
subscale region and formation of a Crs-free zone i.e. a single phase A15 zone (see
Figure 5-16c). This process is schematically illustrated in Figure 6-8. Such a
dissolution process is governed by the lateral diffusion of alloy components at the
transition zone between the single phase A15 layer and the two-phase Cr-CrsSi zone
[129]. Increasing the oxidation time results in a wider Crs-free zone (see Figure
5-16h). As a side effect of the outward Cr supply process, Kirkendall pores form in
the Crs-free zone (see Figure 5-16c). Interestingly, element distribution maps in
Figure 5-16¢/h indicate that these porosities are filled mostly with Cr20s which in
turn, proves the predominant diffusivity of chromium although the formation of SiO2

is thermodynamically favored.



86

roCr r,0,+(Si0,) kirkendall pores

C Cr Ci
\‘\\\ STi T ? STi T W/Cr -free zone
§\\ W \ﬁ\ \‘\T T T \\\ \“‘. ﬁ} (A15 silicide layer)
AT \\\ N

s AN
: b !&-‘m Q\
A15 I Cr Primary d|fqu|on of Cr

4'1/

Y X
RN

Oxidation of Cr_-Cr,Si eutectic alloy

Figure 6-8. Schematic illustration of the oxidation mechanism in two-phase Cr-CrSi
alloys. Predominant Cr diffusion leads to the dissolution of the Crss phase and formation
of an A15 silicide layer.

It is important to note that besides the predominant Cr supply from the substrate, a
minor diffusion of Si is enough to form SiO: underneath the chromia scale. X-ray
diffraction data clearly showed formation of SiO: (Figure 5-27). In addition, higher
coverage of SiO2 compared to the single phase solid-solution alloy S3 is evident in

Figure 5-28 which can be accounted for the reduced oxidation kinetics.

Increasing the Si content to 19 at.% (S19) leads to formation of primary CrsSi phase
surrounded with a eutectic lamellar microstructure (Figure 5-4). Thus, based on the
lever rule, alloy S19 has a higher A15 phase fraction compared to alloy 516 which in
turn, gradually affects the mechanism of oxidation explained above. Although no
diffusion data are available for this alloy system, it can be intuitively assumed that
the Crss dissolution process is slower when the phase fraction of Crss is significantly
reduced in the microstructure. Thus, the Cr supply for oxide formation can mainly be
maintained by the A15 phase (see Figure 5-16d,i) which hinders the overall diffusion

kinetics and in turn, slows down the oxidation rate (see Figure 5-13).

6.2.4 Nitridation of Cr-Si binary alloys

Schwerdtfeger described the thermodynamic equilibrium of the Cr-N system for the
temperature range of 1100°C to 1310°C [88]

__ 11,080

log Py, (atm) = +5.32 (22)

which equals P(N2)= 6.28x 10 atm. at 1200°C in N2-H2 atmosphere. Thermodynamic
calculations showed that this value can change when oxygen is added to nitrogen
(see Figure 2-4b). The characterized reaction products are qualitatively in agreement
with the thermodynamic equilibrium of the Cr-O-N system (Figure 2-4b). At the gas-

oxide scale interface where the chromium concentration is lowest and the oxygen
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partial pressure is highest the most stable product is chromia (Cr20s). Underneath the
chromia scale, where the chromium concentration is highest and the oxygen partial
pressure is low, a very low partial pressure of nitrogen is required to stabilize
chromium nitride (CrN) which can be formed at Py, = 4.7 x 1072 atm and Py, <
1.2 x 107*8 atm. According to the phase stability diagram, Cr2N is the only possible

nitride which can exist at sub-atmospheric nitrogen pressures at 1200°C.

The effect of Si additions on the stability in the Cr-O-N system is shown in Figure 6-9
for Si mole fractions 0 < Si/(Si+Cr) < 0.25. The major differences with the addition of
Si is the stability of the two-phase (Crs+CrsSi) system at very low oxygen and
nitrogen partial pressures, the stability of the secondary oxide SiO: below the
chromium oxide and selective transformation of the Cr solid-solution phase to Cr-N
at Py, = 5.4 x 10~2atm and P,, < 4.5 X 107 atm.

Silicon generally enhanced the resistance to nitridation, and even the addition of 3
at.% Si improved the internal nitridation resistance of the solid-solution Cr(Si) alloy.
Still intensive nitridation was observed after long term oxidation exposure,
preferentially at the grain-boundaries (see Figure 5-16g). By adding 3 at.% silicon to
chromium the predominant path of diffusion for nitrogen changes from lattice
diffusion in the subscale nitride and chromium substrate to grain boundary diffusion

of nitrogen (see Figure 5-16g).

Interestingly, the highest nitridation resistance in the Cr-Si-system was observed for
the A15 silicide, owing to its high thermodynamic stability in the whole range of
nitrogen partial pressures (see Figure 6-9). Additionally, the Al5 crystal structure
showed good diffusion barrier properties for nitrogen and interstitial elements [153].
The A15 structure has three tetrahedral interstices and four triangular base
bipyramid interstices (see Figure 6-10). Only one tetrahedron and a single bipyramid
position (the largest ones) are the preferential sites for interstitials (including
nitrogen) according to ab-initio calculations by Sluiter et al. [153]. On the other hand,
nitrogen cannot substitute Si or Cr considering its small atomic size compared to the
two elements (N = 65 pm, Si = 117 pm and Cr = 140 pm). Thus, for diffusion within
this structure, interstitial nitrogen needs to hop between no-adjacent tetrahedrons or
bipyramids which demands high activation energy. This structural condition makes
diffusion of nitrogen in A15 CrsSi more difficult than in bee Cr(Si) [153] and can be
the key explanation for nitrogen transport in the CrsSi silicide phase in comparison to

the chromium solid-solution at high temperatures [81].
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Figure 6-9. The stability diagram for the Cr-Si-O-N system at 1200°C. (FactSage).

Figure 6-10. Interstitial sites in the A15 CrsSi structure: the white spheres are the
tetrahedral interstices and the red spheres are the four triangular base bipyramid
interstices (after Sluiter et al. [153]).

The sequence of oxidation products observed in the EPMA analyses (Figure 5-16e,j)
are in accordance with the thermodynamic equilibrium of the Cr-Si-O-N system
(Figure 6-9).
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6.2.4.1 Microstructural correlation with internal nitridation

Cross section analysis of the oxidized two-phase alloys in synthetic air and in Na-
5%H:2 atmosphere confirms the different nitridation behavior of the individual
phases. The nitrided microstructures of the two-phase alloys in Figure 5-16 and
Figure 5-17 indicate that the solid-solution phase is selectively nitrided while the A15
silicide phase remains immune to nitridation. This is in agreement with the
thermodynamic prediction discussed in the previous section. The inward diffusion of
nitrogen through the Crsslamellae has to be the mechanism of nitridation in the two-

phase Crs-CrsSi alloys.

It is important to note that although the A15 phase shows protective character
against nitridation, the morphology of the individual phases in the microstructure
determines to a high extent the nitridation behavior of the alloys. Comparing the
cross sections of Cr-CrsSi eutectic alloy (S16) exposed in N2-5%H: and in synthetic air
(see Figure 5-17), it is noticed that in the absence of oxygen, the A15 layer (resulting
from the dissolution of the Crss phase) does not form which in turn caused severe
selective nitridation of the Crs lamellae (up to 250 pm deep after 50h). As the Crss
phase has an interconnected network in the eutectic microstructure, inward growth
of nitride can easily advance throughout the substrate without being hindered by a
barrier. The severe internal nitridation is obvious in the thermogravimetric curves as
a significant mass change e.g. when alloy S16 is exposed to synthetic air and N2-5H:
atmospheres (see Figure 5-14). Oxidation of the Cr-CrsSi eutectic alloy (S16) in
synthetic air offers a self-protecting character via formation of the A15 phase layer at
the subsurface region which protects the underlying substrate from nitridation
(Figure 6-8). The extent of nitridation attack cannot be directly related to the Si
content of the two-phase alloy, rather to the microstructural morphology and the
orientation of the A15 phase, as alloy S19 showed a higher extent of nitridation
compared to alloy S16 (see Figure 5-16d and i). This is due to the original
microstructure of alloy S19 composed of primary A15 dendrites surrounded by inter-
dendritic eutectic structures. In this case, the inter-connected network of Crs lamellae
leads to intensive inter-dendritic nitridation. Therefore, unlike oxidation, the extent
of nitridation cannot be directly related to the Si content, rather to the microstructural

morphology and the orientation of the nitridation resistant phase i.e the A15 silicide.

The self-protecting character discussed above has not yet been observed in other
classes of Cr-alloys. Brady et al. compared the nitridation behavior of Cr-Cr2Nb and
Cr-Cr2Ta alloys [12]. Severe nitridation of both alloys was observed when oxidized in
air at 1100°C. The extent of nitridation in Cr-CraNb was significantly higher than that
of Cr-CrzTa alloys. They reported that both Laves phases, Cr-Nb and Cr:Ta, were
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selectively nitrided within the composition ranges of (40-50)Cr—(20-25)Nb-(25-35)N
and 40Cr-20Ta-40N [123]. Recently, Bhowmik and coworkers reported similar
degrees of nitridation in both, solid-solution and laves phase, in Cr-Cr:Ta during
high temperature oxidation in air [124]. They also reported a high degree of oxygen
solubility (up to 7.7 at.% O) in both nitrided phases and showed that additions of Si
to Cr-Cr2Ta can significantly reduce nitridation. The underlying mechanism
explaining why Si has such beneficial effects on subscale nitridation was not reported

there, however.

Figure 6-11. Nitridation of a) Cr-Cr:Ta and b) Cr-Cr:Nb in air after 24h isothermal
exposure at 1100°C in air [12,164] (with kind permission from Springer Science and
Business Media and Taylor & Francis Group ).

The present findings for the Cr-CrsSi system are very promising, especially in
comparison with the results on binary Cr-Laves phase alloys (Cr-Cr2X(X=Ta, Nb) in
which the intermetallic laves phase is even more prone to oxidation and nitridation
than the chromium matrix (Figure 6-11) [12,123].

At long term exposure, the Al5 layer is damaged through large amounts of
Kirkendall pores which in turn offer a pathway to nitrogen. This leads to a loss of the
protective character of the A15 layer and further internal nitridation of the chromium
solid-solution phase (see Figure 5-16h). In sections 6.3 and 6.4, it will be shown that
Ge-addition can help to maintain the self-protecting character of the Cr-CrsSi eutectic

alloy during long term oxidation.

6.3 Phase equilibrium in the Cr-Ge-Si system

6.3.1 Microstructural evolution

Substitution of Si by Ge in the Cr-Cr3Si eutectic alloy altered the microstructure of the
resulting ternary alloys. As Figure 5-5 shows, the extent of microstructural changes
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depends on Ge/Si ratio. Figure 5-5b shows that there is a transition point where the
micro structure changes from a fine eutectic lamellar structure to a coarse dendritic
microstructure. Although the exact quantitative transient composition cannot be
found, Figure 5-5 illustrates that alloys with a Ge/Si ratio higher than 0.125 do not
show a fine microstructure anymore but rather show a coarser microstructure with
dendritic primary Crs phases. This is indeed an important point in terms of alloy
design for high temperature applications. It is required to have a fine homogenous

microstructure which ensures the mechanical stability at high temperatures [2,119].

Considering the nature of the peritectic transformation in the Cr-Ge binary system
[27], it can be assumed that additions of Ge change the simultaneous growth of the
A15 and Crss phase in eutectic solidification in a way that first, the primary Crss
dendrite forms and then the A15 phase results from the reaction between primary
Crss and the liquid phase. The A15 phase surrounds the primary Crs dendrites and
hinders the diffusion during the growth process which in turn, alters the
microstructure from a fine lamellar one to a coarse peritectic one (depending on Ge
contents) [165]. Strong evidence for such an effect is the significant coring effect
(segregation) in the A15 phase formed during casting of ternary alloys (see Figure

5-5) which is typically caused by the complexities of the peritectic reaction [166].

After annealing at high temperatures, a common feature of the ternary alloys with
coarse microstructure SG4, SG8, and SG 12 is that they show precipitates of the A15
phase within the Crs phase (see Figure 5-6). These precipitates are formed as a result
of the diffusion of the solutes (Si and Ge) which are supersaturated in the Crs phase
during casting. During annealing at 1350°C, the supersaturated solid-solution
chromium (Crsss) undergoes the following transformation resulting in Crs with A15
precipitates in equilibrium [167].

Croge V108 erea 4 o (51, Ge) 23)
It has to be noted that the precipitates within the Crss are mostly observed in ternary
alloys with co-addition of Si and Ge. As Figure 5-6 shows, an increasing Ge/Si ratio
results in more precipitates. Such precipitates are not observed in Crs dendrites in
the peritectic microstructure of the Cr-Ge binary alloy (G16). An increase of the A15
phase fraction with increasing Ge/Si ratio in the ternary alloys (Figure 5-8) can be in
one part attributed to the peritectic reaction which promotes the Al5 phase
formation and in another part be correlated to the A15 precipitates formed in the Crss

primary dendrites during annealing.
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6.3.2 Partitioning of Si and Ge in constituent phases of ternary Cr-Ge-
Si alloys

Figure 5-9 illustrates the partitioning of Si and Ge in each individual phase (Figure
5-9a,c). It is evident that Si and Ge show mutual solubility in both Crs and A15
phases for the whole Ge/Si range which shows a complete substitution of Si by Ge in
both phases within the whole composition range. It is important to note that
although the mutual substitution of Si and Ge is evident, the solubility limit of each
phase shows different dependence on the Ge/Si ratio. The fact that the solubility limit
of the Cr solid-solution phase increases with the Ge/Si ratio while that of the A15
phase decreases is somewhat surprising because both phases show higher solubility

ranges in the binary Cr-Si system compared to the Cr-Ge system [26,27].

6.3.3 Crystallography of the ternary Crs-A15 alloys

The fact that substitution of Si by Ge does not introduce an additional phase to the
Cr-Al5 silicide alloys within the composition range of the two-phase Cr-Crs(Si,Ge)
zone is proven by X-ray diffraction analysis (Figure 5-10) which is a rare character for
ternary two-phase alloys and is not observed in any other analogous A15 phase that
forms within ternary systems such as Cr-Ru-Pt. Here a discontinuity is observed
between the CrsRu and CrsPt phase fields at the high-chromium end of the ternary
system at 1000°C [168].
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Figure 6-12. Dependence of lattice misfit between Crss and A15 phase in two-phase ternary

Cr-Ge-Si alloys.
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The influence of Si substitution by Ge on the crystal structure of each constituent
phase can be observed in the variation of lattice constants. Figure 5-11 illustrates that
the lattice constant of both bcc solid-solution and A15 intermetallic structure
increases linearly with increasing Ge/Si ratio following the Vegard’s law. The
increase of the lattice constant is not surprising when the atomic size of Si (117.6 pm)
and Ge (125 pm) are considered. However, it is important to note that the influence
of Ge on the lattice constant of the A15 phase is significantly higher (by a factor of
2.7) than that on the Cr-solid-solution phase. The lattice misfit (0) between Crss and
A15 phase for each Ge/Si ratio is illustrated in Figure 6-12 using equation 30.
2(a[crss|— @

il @

The lattice misfit of 45-46% categorizes the interface between the A15 and the solid-

solution phase as “incoherent”.

6.4 Oxidation behavior of Ge-alloyed Cr-CrSi alloys
The gravimetric results at 1350°C (Figure 5-18) and at 1200°C (Figure 5-20) indicated

that the paralinear oxidation kinetics (Eq. 14) discussed in section 6.1 and 6.2 can
successfully represent the kinetics of oxidation for ternary Cr-Ge-Si alloys with
highly accurate fits. It has to be noted that, although volatilization of Cr is a well-
known effect at high temperatures, the negative term regarding this step is still

missing in many investigations of oxidation kinetics on Cr-based alloys [40,124,169].

It is clearly seen that up to 2 at.% Ge alloying can increase the oxidation resistance as
the parabolic rate is decreased at both 1200°C and 1350°C (Figure 5-19 and Figure
5-20b). Germanium enrichment is observed in both the SiO: and the Cr20:s scales of
the isothermally oxidized alloy SG1 (see Table 5-6 and Figure 5-26). The higher Ge
content observed in SiO:z (1.05 at.%) proves its dissolution in SiOz, as 5iO2 and GeO:
both have the same crystallographic structure and show mutual solubility in both
amorphous and crystalline form, according to their phase diagram (see Figure 6-13).
The beneficial influence of Ge on the oxidation resistance of silicide containing alloys
and coatings was first reported by Rapp et al. [24,170-172] followed by Brady et al.
[173]. It is reported that Ge can increase the coefficient of thermal expansion (CTE) of
the amorphous SiO:2 significantly which in turn, improves adhesion of the SiO: layer.
In this work formation of crystalline SiO2 was evident (see Figure 5-27). The influence
of Ge on the CTE of crystalline SiO: was studied by Schlichting [174] and Bachmann
et al. [175], where a significant increase (by up to a factor of two at 800°C) is reported
for the CTE of the GeO: doped silica. Thus, it is safe to generally say that in

amorphous as well as crystalline S5iO>, Ge can increase the CTE of silica. On the other
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hand, Schlichting reported that Ge has an impact on crystallinity of SiO: by
stabilizing the amorphous phase and reducing the viscosity of oxide [176]. He
showed enhanced oxidation behavior in the range of 600-1400°C in Si-based ceramics
such as MoSiz, SisNs etc as a result of GeO: doping. Similar impacts, at least in part,
play a role in the enhanced oxidation of Ge-containing alloy via enhanced adhesion
of the scale to the substrate, as reported by others [24,171,173].

Minor traces of Ge are observed in the chromia scale (see Table 5-6). The Ge-doped
chromia scale may show different growth behavior compared to the un-doped one.
To the best of the author’s knowledge no phase diagram and solubility information
exists for GeO2 and Cr20s. However, assuming that GeO: is similar to SiOz, formation
of a mixed oxide is ruled out. Therefore, the influence of Ge on chromia growth
kinetics may be a doping effect that affects the diffusion process within the scale
[177]. This possible effect must be studied via tracer diffusion similar to what was
conducted by Tsai et al. [178-180]

It is important to note that substitution of 4 to 12 at.% Si by Ge negatively affected the
oxidation resistance by increasing both growth and volatilization rate (Figure 5-19).
Considering the significantly reduced Si content in this alloy, it is not surprising to
have a higher growth rate (k;). On the other hand, the increase of the k» values for
alloy SG12 at 1350°C (Figure 5-18 and Figure 5-19) and alloy SG1 and SG2 at 1200°C
indicates that Ge addition plays a role in increasing the volatilization rate. The
quantitative ratio of stable oxide species for oxidation of the two-phase alloys at
1350°C (see Table 6-2) shows that in all Ge-containing alloys GeO: is a
thermodynamically stable oxide under oxidizing conditions. GeO: with a melting
point of about 1100°C is volatile at 1350°C at similar partial pressures as the volatile
CrOs [14] which explains the increased volatilization observed in alloy SG12. The
S5i02-GeO: phase diagram (Figure 6-13) indicates that Ge should form a mixed oxide
with SiO:z as they show solid solubility at low GeO: contents and liquid phase
solubility at high GeO: ratios. It can be clearly seen here, that substitution of Si by Ge
leads to a higher GeO: /SiO: ratio (e.g. for alloy SG12, GeO:/SiO: = 19.6/7) which

supports the volatilization behavior discussed above.

Table 6-2. Calculated thermodynamically stable compounds at oxide/gas interface.

alloys/oxides (mole%) S16 SG1 SG2 SG12
Cr20s 724 73.3 734 73.4
5i02 27.6 26.2 24.5 7

GeO: 0 0.5 2.1 19.6
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6.4.1 The influence of Ge on internal nitridation of Cr-CrsSi alloys

Significant resistance against internal nitridation of the Ge-alloyed two-phase alloys
is evident after short term and long term isothermal exposures. The role of the A15
phase in the subsurface region is discussed in depth in section 6.3. The barrier
character and the thermodynamic stability of the A15 layer against diffusion of
interstitial elements such as nitrogen offer significant protection against internal
nitridation. During long term oxidation, however, defects form within this layer
allowing nitrogen to penetrate to the substrate microstructure which leads to

selective nitridation of Crss.

The microstructural investigations, phase identifications, and solubility
determination of the Cr-Ge-Si ternary system showed that up to 2 at.% Ge can be
added to the two-phase Cr-CrsSi eutectic alloy without losing the fine microstructure.
The post oxidation investigation of alloys SG1 and SG2 after short term (50h) and
long term (1000h) oxidation at 1200°C (Figure 5-22) showed some similarities and
some differences from that of eutectic alloy S16. The highest nitridation resistance is
observed for alloy SG2. The subsurface A15 layer in this alloy seems to act protective
even for long term oxidation exposures. The alloy shows not only a fine structure,
but also a nitride free one and is a significant improvement compared to the
oxidation performance of other chromium-intermetallic based alloys which nitride
much faster even at lower temperatures (see Figure 6-11) [12,164]. To understand the
mechanism behind the protective behavior of alloy SG2, quantitative line scans have
been analyzed (Figure 5-23). It is evident that after 1000h alloy SG2 forms a
subsurface Al5 layer with a thickness half of that of alloy S16. Considering the
mechanism of oxidation for two-phase alloys discussed in 6.2.3, the thinner A15 layer
in alloy SG2 can be attributed to the lower rate of outward diffusion of Cr as the
faster diffusing element in the systems. This in turn, reduces the dissolution rate of
the Crss phase that leads to thinner A15 layer formation. It must be noted that the
Kirkendall pores (filled with internal oxides) are side effects of the outward diffusion
of chromium. Therefore, less porosity throughout the A15 layer in alloy SG2 (Figure
5-22¢-d) compared to that observed in alloy S16 implies a slower chromium diffusion

rate.

The fact that a gradual chromium gradient exists throughout the A15 layer formed
on both alloy 516 and SG2 can be attributed to the equilibrium stability of the phase
during the dissolution process. The quantitative composition data showed that the
composition at the inner side of this layer in contact with the two-phase substrate is
774 at% for both alloys which is in agreement with the reported value for the

equilibrium composition of the A15 phase.
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It is important to note that the gradient of Si within the A15 layer is significantly
higher in alloy SG2 and does not correlate with the chromium gradient (as observed
for alloy S16) (see Figure 5-23). The accumulation of Ge at the outer surface of the
alloy is evident. As the Cr gradient does not change, Ge enrichment is only possible
through substitution of Si in the alloy. Therefore, in ternary Cr-Ge-5Si alloys Si and Ge
show a correlative chemical gradient. It is not clear if Ge enrichment in the A15 phase
would also decrease the diffusion of interstitials. This would require an in depth
theoretical calculation similar to the work of Sluiter et al. [153]. The quantitative
EPMA result showed negligible solubility of nitrogen in the A15 silicide phase (0.1
at.%) which indirectly shows the barrier character of the Al5 phase for nitrogen
diffusion (see Table 5-5). Further evidences of suppressed nitrogen access can be seen
in the nitrogen map in Figure 5-22d and in Figure 5-23b showing no signs of the

nitrogen signal in the solid-solution phase.

6.5 Structure, morphology, and adhesion of the protective
scale

6.5.1 Crystal structure of oxide scales

It is evident from x-ray powder diffraction analysis that oxide scales formed on both
binary Cr-Si and ternary Cr-Ge-Si alloys are mainly composed of chromia with
eskolaite structure, and some SiO. with cristobalite structure (see Figure 5-27). It
seems that there is a preferred orientation of cristobalite since only one reflection at
206~10° is visible which corresponds to the (111) reflection of the alpha-cristobalite
phase. The needle-like shape of the cristobalite grains (Figure 5-28) is reflected by a
preferred orientation in the XRD experiment, where the needle's long axes are
aligned along the scattering direction in transmission geometry. Therefore, only one
peak can be detected in the XRD pattern. Formation of cristobalite at 1200°C is in
agreement with the previous study by Evans et al. in which the cristobalite phase
was formed at temperatures between 1200 and 1400°C [182]. The fact that Ge is
doped in the SiO2 crystal or forms a mixed oxide (as discussed in section 6.4) cannot
be studied using the conventional x-ray diffraction methods, as GeO: and SiO: in
amorphous and crystalline form are of similar pattern. Therefore, high-resolution x-
ray diffraction, and other characterization techniques are required to see the
influence of Ge [183]. Nevertheless, EDS-analysis of the bottom side of the oxide scale
representing the metal-oxide interface, where the most stable oxide forms (i.e. SiOz),
reveals up to 0.14 at.% of Ge in the oxide (see Figure 5-26). This supports the

existence of Ge doped into the scale. Since pure GeO: is gaseous in the applied
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temperature range, a mixed oxide (Si,Ge)O: is most likely as discussed in section 6.4
[183,184].

6.5.2 Scale morphology

Despite the importance, only a few studies have focused on the morphology of oxide
scales [52,53,56,185]. The chromia scale growth is associated with development of
compressive stresses in the scale due to the formation of new oxides inside the scale
[45,77,143]. However, the scale can only accommodate a certain amount of strain and
higher growth stresses cannot be tolerated by creep deformation of the scale. They
will be released by pseudo-plastic deformation which is based on a continuous
microscopic defect formation and healing process in the scale [143,145]. In micro-
scale, formation of micro-cracks can locally release a part of the growth stress (see
section 6.1). However, the superimposed healing process can bring a part of the
growth stress back to the scale. When the overall growth stress in the scale exceeds a
critical value, the physical contact will be lost by local detachment (disbonding) of
scale from the substrate surface leading to a wavy morphology known as “oxide
buckling, -wrinkling, or -blistering”. Figure 6-15a-b illustrates the mechanism of
scale wrinkling schematically. The observation of scale wrinkling for pure Cr and
chromium alloys at 1200°C and 1050°C (see Figure 5-25 and Figure 5-26) is in
agreement with those reported by Polman, Kofstad, and Hindam for pure chromium
[44,53,77]. Tt should be noted that when the wrinkle is formed, a complex stress
concentration will be formed at the boundary line (Figure 6-15b) which can lead to
oxide failure and a subsequent molecular oxygen transport and healing process.
However, a considerable amount of Cr metal is evaporated from the blank surface
and is accumulated under the detached scale. Thus, as soon as the
thermodynamically required oxygen partial pressure is provided, a rapid scaling can
proceed on the blank metal surface. Besides, since volatile chromium Cr(g) exists
under the detached surface, further oxide growth can proceed at the underside of the
scale (see Figure 6-15c). This procedure has been observed on TG-curves as
discontinuities in the form of stages with rapid and large mass changes (see Figure
5-1). The buckling has been characterized by acoustic emission (Figure 5-3) during
isothermal oxidation and electron microscopy of the oxidized specimen after
isothermal oxidation (Figure 5-25a). The columnar growth of chromia between the
gaps indicates that the gap between the chromia layers was formed at temperature

and not during cooling (Figure 5-25a).
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Figure 6-15. Schematic illustration of the wrinkling process in chromium oxide at high
temperature oxidizing atmosphere (a) the initial lateral growth and scale detachment. (b)
wrinkle formation (c) scale failure, second stage oxidation (detailed description in the
text).

In Si containing alloys, chromia scales with finer grain structures form which can be
attributed to the doped Si in the scale. The composition of the scales formed during
isothermal oxidation at 1200°C (Table 7) reveal constant traces of Si in both binary
and ternary alloys. Considering the average thickness of the oxide scales (e.g. ~20um
for alloy S3) and the voltage used for EDS analysis (15KV), it is reasonable to say that
the signal is exclusively from the scale. The Cr:0s-5i0: phase diagram shows that
SiO: is not soluble in chromia (see Figure 6-14). As SiO: is more stable than Cr20s, the
doped Si in the chromia scale can reduce chromia via a silicothermic reaction (Eq.
25).

3Si + 2Cr,05 — 3Si0, + 4Cr (25)
The newly formed SiOz micro particles can act as heterogeneous nucleation sites for

Cr20s which in turn, results in the recrystallization of Cr20s at high temperatures.

This process was observed elsewhere for chromia forming alloys [186].

It is important to note that, the grains formed during isothermal exposure at 1200°C
(Figure 5-24) are finer than those formed at 1050°C (Figure 5-25). This can be related

to a recrystallization process at higher temperatures where the scale is under larger
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growth stresses which, in turn, leads to a finer oxide microstructure. This is in
agreement with observations at 1350°C [14] where a finer microstructure of chromia
is evident. Otherwise, one would expect a coarser grain structure at higher

temperatures.

To the best of the author’s knowledge, formation of Cr0s single crystals on the
surface of chromia scales (see Figure 5-24) has not been reported elsewhere. These
crystals appeared exclusively on Si-containing alloys. In addition, it is important to
note that single crystals form only at temperatures higher than 1050°C. Experimental
results proved the formation of these single crystals at 1200°C (Figure 5-24) and
1350°C [14]. The exact mechanism of single crystal formation has not been discussed
elsewhere yet. The distinct difference between the size of these single crystals and the
scale morphology implies that their growth mechanism is independent of the rest of

the scale.

(a) (b)

single crystaline
Cr,0,

high-gradient
diffusion distance

Figure 6-16. Schematic illustration of a possible mechanism for single crystal growth
within the chromia scale.

The fact that these crystals nucleate inside the scale is proven by microscopic
observations (see Figure 5-24). One can speculate that some Cr20s grains can nucleate
on the newly formed SiO: particle and (under certain conditions) grow faster than
other grains in the structure. However, the epitaxial growth can also be accelerated
by a large concentration gradient of chromium and oxygen which can be induced by
mechanical defects, such as cracks. When a large crack is formed in the scale, the
crack tip will be healed by the fresh oxide as explained before. This offers a locally

short diffusion distance (oxide thickness) which, in turn, provides a fast oxidation
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kinetics resembling the initial stage of the parabolic growth. This process can
continue as long as the growth stress in the oxide is high enough to keep the crack
open. Both of these theories require that the growth exclusively occurs at a preferred
orientation at the heterogeneous nucleation site or at the end of the open crack.

Figure 6-16 illustrates the proposed model schematically.

6.5.3 Adhesion of chromia to the alloys substrate

Discontinuous oxidation behavior of Cr, Cr-Si, and Cr-Ge-Si alloys can also give
information on the adhesion properties of the oxide scale, as the alloy-scale interface

showed different coverage of oxide residues after the oxidation test.

Severe spallation was expected for the pure chromium substrate due to the high
mismatch between Cr and Cr203. However, visual observations showed that the scale
was already detached from the substrate and was severely deformed during the
exposure without spallation. The mass change curves (see Figure 5-15) and the post
exposure microscopy of oxide residues (see Figure 5-29) showed that alloys with
higher Si contents offer higher scale adherence to the substrate and accordingly less
spallation. The significant adherence of the oxide scale to the single phase A15 alloy
(525) is surprising. The micrograph in Figure 5-29d showed a full coverage of the
scale on the A15 single phase substrate. The coefficient of thermal expansion (CTE) of
Cr, Cr20s, Cr2N and CrsSi has been reported to be 4.9, 8.8, 9.4, and 9.2 x 10° K-,
respectively [32,187]. The lowest CTE mismatch between the chromia scale and
substrate can be obtained for CrsSi. This is in good agreement with the high
adherence of the chromia scale to alloy S25 substrate (see Figure 5-15). Improved
adherence of the scale is found when a CrsSi silicide layer is developed in the
subscale zone. This is clearly evident from the subscale surface morphology of the
hyper-eutectic alloy S19 (with primary A15 dendrites) where the chromia coverage is
evident on the primary A15 dendrites (see Figure 5-29c). Thus, the Al5-layer formed
on the chromium alloy substrates can act as a “bond coat” for the chromia scale.
Since the single phase alloy S3 does not form a Al5-silicide layer, this effect on the
oxide scale cannot occur in turn, severe spallation is observed. (Figure 5-15, Figure
5-29a).

Observation of the higher chromia coverage on the substrate when alloyed with Ge
in Figure 5-29 showed that the co-addition of both of Ge and Si can significantly
improve the adherence of the scale to the substrate as alloy S18G1 shows the highest
resistance to discontinuous oxidation compared to other two-phase alloys (Figure
5-21). This can be correlated to the enhanced adherence and re-healing behavior of

silica upon Ge doping as explained in section 6.4.
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7 CONCLUDING REMARKS

This study was focused on the high temperature oxidation-nitridation of pure
chromium and chromium-based alloys in air. Oxidation and nitridation kinetics of
pure chromium were compared in single oxidant (i.e. Ar-20%0O:z and N2-5%H:) and
multi-oxidant (i.e. synthetic air) atmospheres. It was clearly shown that the major
part of oxidation kinetics in air is attributed to the internal nitridation of the Cr-
substrate. Thermogravimetric results and post exposure cross section investigations
showed that the chromia scale does not offer protection against inward nitrogen

permeation at the test temperatures.

Oxidation and nitridation behavior of the Cr-Si system revealed that regardless of the
Si content in solid-solution and the silicide phases, chromium is the primarily

diffusing alloy component.

It was found that Si additions lead to the local formation of SiO: resulting in slower
oxidation kinetics by reducing the outward diffusion of chromium and inward
diffusion of nitrogen. The Al15 silicide showed the highest oxidation resistance via
full coverage of a Si-rich oxide beneath the chromia scale. Long term oxidation
resistance (up to 1000h) of the Al5 silicide phase was associated with the phase
transformation in the subsurface zone during oxidation. This led to the formation of
a SiOx-former silicide phase (CrsSis) which offered higher protection during long

term exposures.

In addition, thermodynamic calculations and experimental characterization showed
that CrsSi is stable under nitriding atmospheres and does not form Cr-nitride of any

kind even after long term exposure at 1200°C.
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Under oxidizing atmospheres, the technically interesting two-phase Cr-CrsSi eutectic
alloy showed cooperative oxidation of both constituent phases as outward diffusion
of chromium governed the oxidation behavior leaving a single phase A15 layer
behind at the alloy-oxide interface. The self-developing homogeneous A15 layer was
later shown to be a barrier against inward nitrogen diffusion protecting the substrate

microstructure from selective nitriding of the solid-solution phase.
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Figure 7-1. The parabolic rate constant for oxidation kinetics of the recently developed Cr-
based and Nb-based alloys.

The beneficial influence of Ge in oxidation-nitridation of Cr-Si binary alloys was
revealed after crystallographic and microstructural investigations of the Cr-Ge-Si
system. The facts that Ge can substitute Si in both solid-solution and silicide phases
in the Cr-CrsSi system and the peritectic reaction in Cr-Ge system provided a two-
phase microstructure with higher stability of the A15 phase. Alloy SG2 (Cr-14Si-2Ge)
showed the optimized oxidation-nitridation behavior with a nitride-free
microstructure after 1000h exposure at 1200°C in air. Lower outward diffusion of Cr
and higher microstructural stability of the A15 phase were found to be responsible

for the self-protecting character of the alloy against nitriding.
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The developed Cr-Crs(Si,Ge) alloys offer promising oxidation behavior at
temperatures above the stability of Ni-based superalloys. These alloys showed
significantly enhanced oxidation resistance close to that of alumina formers and are
superior to other structural alloys such as Nb-NbsSis and Cr-Crz2(Ta,Nb) alloys (see
Figure 7-1).

As nitridation has long been the major drawback in the development of Cr-based
alloys, its mitigation in Cr-Ge-Si alloys opens a new window towards the future of

chromium-based alloys.
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8 OUTLOOK

The research presented in this thesis resulted in a solution preventing nitridation of
chromium based alloys above 1000°C. There are, however, remaining challenges with

regards to this class of alloys.

1. It is necessary to understand the mechanical behavior of these alloys at room and high
temperatures. Mechanical properties such as room- and high-temperature toughness,
creep behavior, and ductile-brittle transition behavior need to be studied in the future. In
addition, the influence of current alloying elements and further elements on the

mechanical properties should be investigated.

2. The fact that Al5-intermetallic precipitates form during the annealing of Cr-Si-Ge
alloys opens a new window to the design of microstructure via heat treatment processes.
The high alloying capacity of Cr with other refractory elements such as Pt (Al5-former)
and Mo (highly soluble in Cr) offer unique chances to design alloys with microstructures
similar to that of longstanding Ni-based superalloys for high temperature structural

applications.

3. The most important finding of this work is that a self-developing Al5-silicide layer at
the surface of the alloy acts as a barrier against nitridation at high temperatures and can
be used for the development of novel silicide coatings to protect Cr- and other
engineering alloys against nitridation. Single phase Cr-alloys can be coated with this

silicide which ensures protection against nitrogen embrittlement at high temperatures.

4. This work provided further experimental proofs that nitrogen transport can occur
through chromia scales formed on pure Cr and Cr-based alloys. So far the mechanism is
not finally clear and can be either the grain boundary transport or the dynamic crack

formation and healing process (pseudo-plasticity). A systematic measurement using
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atom probe tomography or two-step thermogravimetry switching from oxidation in pure

oxygen to exposure in pure nitrogen can provide a clear answer.
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