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Abstract

A major goal of research worldwide is the development of new concepts for reducing CO>
emissions in power plants and other industry sectors. Very promising concepts are the
“carbon capture and storage” (CCS) technologies. These contain gas separation units
requiring the use of gas separation membranes. The need to reduce membrane thickness in
combination with a high susceptibility for mechanically-induced failure of the ceramic
membrane material makes the use of a metallic support structure for the membranes
necessary. The requirements for the supports can be fulfilled by a-Al2O3; forming NiCrAl-
base alloys. The membrane carriers have to withstand different aggressive atmospheres at
temperatures up to 1000°C. As the formation of a protective Al,O3 surface scale is crucial for
the operation of the membrane carrier, the present study deals with the influence of
temperature and gas atmosphere on the selective oxidation of aluminum thereby using the
commercially available alloys 602 CA and Haynes 214 with different aluminum contents of
2.4 wt.-% and 4.5 wt.-%, respectively. As these amounts are far below the high aluminum
contents of MCrAlY alloys (10 — 13 wt.-% Al) considered as promising materials for the use
as support structure, the investigation of possible effects of gas composition and/or
temperature on the protective Al,Os; scale formation was possible in relatively short-term
experiments (up to 1000 h). The studies were focused on the temperature range 800 — 1100°C
in different atmospheres.

During 800°C exposure Alloy 602 CA formed a protective external Al>O; scale independent
of the test gas used mainly due to the beneficial effect of surface cold work while Haynes 214
showed initially Al,O3; formation but after 1000 h exposure in Ar-20%0O> significant internal
oxidation of aluminum due to the formation of y’-precipitates. It was suggested that the
aluminum concentration in v is crucial for the formation of an Al>O3 layer and not the bulk
alloy concentration. In addition, also the concentration of other alloying elements affects the
formation of an external AlO; scale. In contrast to the behavior at 800°C, Alloy 602 CA
exhibited at 900 — 1100°C internal Al,O3 nodules, whose amount increased with increasing
exposure temperature, whereas Haynes 214 formed after initial internal oxidation of
aluminum a continuous AlO; layer in Ar-20%0;. A mechanism describing the oxidation
processes in Haynes 214 at 800 — 1100°C in Ar-20%O; was proposed. Exposure of Haynes
214 in different H>O containing gases revealed an increased tendency to internal oxidation of
aluminum in the absence of O in the test gas possibly due to hydrogen diffusion into the
alloy. Furthermore, a lower pO; was proposed to suppress or decrease the growth rate of NiO
to a larger extent than that of AlO3 and therefore promote the formation of an external Al,O;3
scale. Investigations on Haynes 224 showed that, despite its lower aluminum content
compared to Haynes 214 the material exhibited after 72 h oxidation at 800 — 1100°C always
an external Al,O3 formation with different amounts of Cr-rich transient oxide. It was
proposed that the addition of iron, results in a lower amount of Al-rich y’-precipitates in
Haynes 224 compared to Haynes 214 thus increasing the tendency to external Al,O3
formation.



Kurzfassung

Ein zentrales Forschungsziel ist die Entwicklung neuer Konzepte zur Reduzierung der CO>
Emissionen von Kraftwerken und Industrieanlagen. Eine sehr aussichtsreiche Technologie
hierzu ist ,,Carbon Capture and Storage* (CCS), welche u. a. Prozessschritte zur Gastrennung
mittels Gastrennmembranen beinhaltet. Die notwendige Reduzierung der Membrandicke
zusammen mit einer erhdhten Anfélligkeit der keramischen Membranen fiir mechanisch
induziertes Versagen erfordert die Verwendung von metallischen Tragerstrukturen. Deren
Anforderungen kdnnen von a-Al2Os3 bildenden NiCrAl-basis Legierungen erfiillt werden. Die
Membrantridger miissen verschiedenen aggressiven Atmosphéren bei Temperaturen bis
1000°C standhalten. Da die Bildung einer schiitzenden Al,O3-Schicht entscheidend fiir den
Betrieb des Membrantrigers ist, werden in der vorliegenden Arbeit die Einfliisse von
Temperatur und Atmosphiére auf die selektive Oxidation von Aluminium untersucht. Dafiir
wurden die kommerziellen Legierungen Alloy 602 CA und Haynes 214 mit 2.4 Masse-%
bzw. 4.5 Masse-% Aluminimum verwendet. Da diese Mengen weit unterhalb der hohen
Aluminiumkonzentrationen von typischen Membrantrdgermaterialien (MCrAlY Legierungen
mit 10 — 13 Masse-% Al), liegen, war die Untersuchung der Einfliisse von
Gaszusammensetzung und Temperatur in relativ kurzen Versuchszeiten (bis zu 1000 h)
moglich. Es wurden Versuche im Temperaturbereich 800 — 1100°C in verschiedenen
Atmosphiren durchgefiihrt.

Alloy 602 CA bildete nach isothermer Auslagerung bei 800°C unabhingig von der
Atmosphire eine schiitzende Al,O3-Schicht. Dies wird mafigeblich von durch Schleifen
eingebrachte Kaltverformung der Probenoberfldche beeinflusst. Aufgrund der Bildung von
Al-reichen y’-Ausscheidungen wies Haynes 214 jedoch deutliche interne Oxidation von
Aluminium bei 800°C nach 1000 h auf. Die Versuchsergebnisse legten nahe, dass der
Aluminiumgehalt in der y-Phase kritisch fiir die Bildung einer Al,O3 Schicht ist und nicht
primér der Gehalt in der Legierung. Weiter beeinflussen auch die Legierungszusidtze Chrom
und Eisen deren Bildung. Im Gegensatz zu 800°C, bildeten sich bei 900 — 1100°C in Alloy
602 CA interne AloO3 Ausscheidungen, deren Anteil mit steigender Temperatur zunahm,
wihrend Haynes 214 nach langeren Zeiten in Ar-20%0: eine geschlossene Al>O3-Schicht
aufwies, was anhand eines entwickelten Mechanismus beschrieben werden konnte.
Auslagerungen von Haynes 214 in verschiedenen wasserdampthaltigen Gasen zeigten eine
erhohte Tendenz zur internen Oxidation von Aluminium in der Abwesenheit von O im Gas.
Weiter wurde angeregt, dass ein niedriger pO> die Bildung von NiO unterdriickt bzw. dessen
Wachstumsrate stirker herabsenkt als die von AlO; und somit die Al,O3-Schichtbildung
begiinstigt. Versuche mit Haynes 224 zeigten, dass, obwohl der Aluminiumgehalt geringer ist
als in Haynes 214, das Material nach 72 h Oxidation bei 800 — 1100°C immer eine
geschlossene Al2O3-Schicht mit unterschiedlichen Gehalten an Cr-reichem Oxid bildete.
Hierfiir ist der hohere Cr- und Fe-Gehalt verantwortlich. Letzterer bewirkt einen geringeren
Gehalt an Al-reichen y’-Ausscheidungen in Haynes 224 im Vergleich zu Haynes 214 und
erhoht somit die Tendenz zur Bildung einer externen Al,O3 Schicht.
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1 Introduction

Since its beginning, the electricity production worldwide is undergoing continuous
development and improvement. A large number of different techniques is available.
Nowadays, fossil fuel fired power plants produce the biggest part of electric energy [1]. The
combustion of fossil resources is largely dependent on their reserves. Figure 1 shows how
long the regional fossil fuel reserves will still be available, assuming a constant consumption
equal to that at the end of 2014. The worldwide explored reserves of coal will meet the
demands for more than 100 years, which is the largest reserve-to-production ratio for any
fossil fuel [2].

Years
Qil 500

m Natural Gas
Coal

400

300
200

100

OECD Non-OECD European Union Former Soviet Union World

ol

Figure 1: Reserve to production ratio of fossil fuel by region at the end of 2014 [2]

As the largest part of electric energy is produced by combusting fossil fuel, these plants emit
also a major part of the global CO> emissions (Figure 2) [3]. As initially pointed out by
Arrhenius in 1896 [4], an increase of CO: in the atmosphere is connected to an increase in
global equilibrium temperature (greenhouse effect) [5]. To reduce these emissions and
counteract their adverse effects, different techniques can be applied. Figure 3 [6] shows the
roadmap of the International Energy Agency from 2013 for the reduction of CO; emissions
between 2009 and 2050.

A major goal of research worldwide in the field of fossil fuel combustion is the development
of new power plant concepts for reducing CO; emissions [7]. The most promising concepts in
this field are the “carbon capture and storage” (CCS) technologies [6, 8]. Not only in the
energy sector but also in other industry sectors CCS is considered as the only available large-

scale option to decrease the CO; emissions of the respective process [6, 9].
1
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Figure 2: Global CO: emissions between 1971 and 2012 separated by type of fuel [3]
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Figure 3: Reduction of CO2 emissions by different measures [6]
14% is the share of CCS in cumulative emission reduction through 2050 and 17% is the share in 2050

The key-points of CCS are the extraction of CO; from the traditional fuel combustion process,
the CO; transportation and its storage in saline aquifers or empty oil deposits [6]. Due to the
extra energy needed for operating a CCS facility it is proposed that retrofitting CCS
technologies is only useful in power plants with super-critical (SC) or ultra-super-critical
(USC) steam conditions. These plants with a net efficiency of 40-45% require about 25% less
CO» capture compared to a sub-critical plant with about 35% net efficiency [7]. To offset
some of the additional costs associated with the CCS process, using CO; to extract oil from
oil fields by the CO; enhanced oil recovery (CO2-EOR) process is considered [10].
2



The main methods of CCS to extract CO; from the traditional power plant process are
described below [6, 11, 12]:

- Post-combustion capture [11]:
The COs» is separated from the exhaust gas of the combustion process by a membrane which
separates CO2 and N, (Figure 4). The disadvantage of this membrane is the very high gas
flow, namely the whole exhaust gas of the combustion process, which has to pass the
membrane. To cover this high flow rate the membrane area has to be very large or has to have
a very high gas permeation rate [11]. Potentially suitable membranes are zeolite, different

types of polymer membranes [13, 14] and microporous membranes [15].

Post

combustion Fuel (fossil, biogen) 4'(302

il i (90%N.,/10%CO.,)
(] 0

Figure 4: Post combustion process [11]

- Oxyfuel combustion [11]:
Pure oxygen is used instead of air for the combustion of fossil fuel to yield a flue gas
containing mainly CO; and H>O which can be separated by condensation of H>O (Figure 5).
The oxygen is obtained by separating it from air via an oxygen transport membrane (OTM).
Possible candidates for the membrane material are mixed ionic and electronic conducting
(MIEC) materials [11].

Fuel (fossil, biogen)

Air N./O 0, . =
> z\25 e —_— condensation
i ol CO,+H,0 S

N, § IHQO

Figure 5: Oxyfuel process [11]

- Pre-process capture [11, 16]:
Oxygen separated from air via an oxygen transport membrane (OTM) is used for partial
oxidation of fossil fuel (Figure 6). The subsequent CO-Shift reaction yields CO2 and Ha,
which can be separated afterwards by a membrane. H» is then used as a fuel, which has as
result that the flue gas of the combustion will consist mainly of H>O. The main drawback of
this process is the need to construct new power plants, as it cannot be applied in existing
plants [11].
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Figure 6: Pre-Combustion process [11]

All three mentioned CO> capture processes contain gas separation tasks (Table 1) requiring
the use of gas separation membranes to keep the efficiency loss by the separation units as
small as possible [12]. Basically, there are polymeric and ceramic membranes available for
these purposes. Due to disadvantages of polymeric membranes in respect to their chemical
and thermal stability ceramic membranes are preferred [12]. For instance, for the air
separation into nitrogen and oxygen, perovskite materials are in use as oxygen transport
membranes (OTM). The following perovskites are potentially suitable for the separation of
oxygen and nitrogen [12, 17, 18]:

- La;xSrxFe1-yCoyOs.5 (LSFC)

- Bay,5Sr0,5Co0,8Fe0 2035 (BSFC)

- SrCoosFe0,203.5 (SCF)

- Lap,6Cap4Co03.-5

Another application for perovskite type membranes is the production of synthesis gas and the
decomposition of nitrous oxide (N20) [19]. Beside the energy sector, air separation is also
needed in other industries, for instance in concrete and steel production [20, 21]. In the latter,
the basic oxygen steelmaking process (BOS, in German called “Linz-Donawitz Verfahren”) is
a broadly used technology [22]. Via a lance pure oxygen is blown into the metal melt to
oxidize some specific species, such as C and Ca. The classical method to produce pure
oxygen is the cryogenic air separation (Linde-Frankl Process) [21], which can reach a
minimum energy consumption of about 0.36 kWhe/mn® Oz [20]. As air separating ceramic
MIEC:s typically operate at temperatures above 800°C, their energy consumption is mainly
connected to the heat recovery rate in the overall process [20]. For a heat recovery rate of
about 92% the minimum energy consumption of MIECs is lower than that of cryogenic air
separation. As by the use of regenerative thermal oxidizers (RTO) for flue gas cleaning in
steel production [23] a heat recovery rate of up to 98% is state of the art [20], the usage of gas

separating ceramic membranes for production of pure oxygen is reasonable.



(@) |
xytuel 02/ Na CO2 H:0 600 — 1000°C
Pre-Combustion
Pre-Combustion Hz / CO2 H20, CO 400 - 900°C
Post-Combustion CO2/ N2 H20 Ca. 200°C

Table 1: Gas separation processes in the three CCS technologies [11]

The main drawback of the fully ceramic gas separation membranes is their inherent
brittleness. Consequently, they are prone to mechanically-induced failure, especially in large-
scale facilities [24]. To overcome this problem, a porous metallic structure might be applied
for supporting the ceramic membranes [24]. Since the gas separation membranes are operated
at relatively high temperatures (up to 1000°C) in various gas environments, they require an
oxidation resistant metallic material as a support structure (Table 1) [12]. Further

requirements to the support material are [12]:

1. A thermal expansion coefficient close to that of the membrane material
2. A slow reaction rate with the membrane material
3. Limited evaporation of Cr species, because of Cr poisoning of the membrane material

These requirements can principally be fulfilled by a-Al,O3; forming Ni-base alloys [24], e. g.
of the type MCrAlY (M = Ni, Co, Fe). These materials are known to form slowly growing
alumina scales if the aluminum contents are sufficiently high (approximately 3 — 6 wt.-%
depending on alloy type, temperature and gas composition [25]). Thereby it should be borne
in mind that in spherical particles, used in the porous substrates, the alumina growth results in
consumption of the aluminum in the particle. This will eventually result in aluminum
depletion to such a level that alumina scale growth can no longer be sustained. For practical
applications it is obviously of great importance to have quantitative information on the times
at which this type of change from protective to non-protective oxidation occurs as function of

temperature, gas composition and detailed alloy composition.



2 Fundamentals of Alumina-forming NiCrAl-base Alloys

Ni-base alloys exhibit an FCC (face centered cubic) structure with a typical density between
7.8 and 8.9 g/cm? [26]. Conventional Ni-base superalloys can be used in wrought or cast form
depending on melting procedures, forging and working processes, casting techniques and
predominantly on the heat treatment as well as the type and amount of alloying elements [26,
27]. Generally, the number of controlled alloying elements in a Ni-base superalloy may be up
to 14 including, beside Cr and Al also e. g. Ti, Co, B, Zr, Mg and C [26]. The wrought Ni-
base materials have commonly a low alloyed composition [27] and are used up to about
800°C [26]. Above that temperature cast Ni-base alloys are preferred as they are intrinsically
stronger at elevated temperatures. Additionally, their compositions can be adjusted more
effectively for obtaining optimal high temperature strength [26]. On the other hand, wrought
alloys exhibit higher yield strength and better low cycle fatigue resistance at intermediate

temperatures [26].

Cast materials often have an Al content of about >5 wt.-% [28], which results in the formation
of intermetallic strengthening phase y’-NizAl. Other strengthening mechanisms are solid-
solution hardening, e. g. by W, Mo and/or Nb additions, and carbide formation, mainly at
grain boundaries [29]. Ni-base superalloys are generally used at temperatures above about
540°C and possess a very good combination of high-temperature corrosion resistance and
stress-rupture strength (Figure 7) [26, 27]. They can be used at temperatures up to 80% of
their melting points, which is much higher compared to other commercially available alloys
[26, 30].

The good corrosion resistance of Ni-base superalloys at high temperatures depends on the
formation of a slow growing protective oxide scale, consisting of Cr,O3 and/or Al,O3 [25, 29,
31]. While a Cr203 layer provides adequate oxidation resistance at intermediate temperatures
[28], superior oxidation resistance up to very high temperatures is only obtained by the
formation of a very slow growing AlOs surface scale [32]. The formation of AlO3 on
NiCrAl-base materials is a complex process and was investigated by several authors [25, 31,
33, 34, 35, 36].
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3 Aims of the Studies

For different gas separation tasks in the CCS processes as well as in other industry fields, e. g.
synthesis gas and steel production (see chapter 1), the use of gas separation membranes is
reasonable. Compared to other gas separation processes, like cryogenic air separation, an
efficiency increase, related to the overall plant process, can be achieved. A high susceptibility
for mechanically-induced failure of ceramic membrane materials especially in large-scale
facilities makes the use of a metallic support structure for the membranes necessary. As
described in chapter 1, the requirements to such a metallic support structure can be fulfilled
by a-AlO3 forming NiCrAl-base alloys.

Alloys of the MCrAlY type with a high Al content are considered as promising materials for
the use as membrane support structure [11, 12]. The membrane carriers have to withstand
different aggressive atmospheres at temperatures up to 1000°C (see Table 1). MCrAlY alloys
commonly have aluminum contents of 10 — 13 wt.-%. However, after long-term operation,
aluminum in the porous membrane supports becomes severely depleted after which protective
alumina scale formation can no longer be maintained. Studies dealing with critical depletion
processes resulting in a change from protective to non-protective oxidation are available in
literature for selected alumina forming materials [31, 36]. However, no systematic studies
prevail in which the effect of the practically important service parameters temperature and gas
composition on the transition from protective to non-protective scale formation has been

evaluated.

Aim of the present study is the estimation of the effect of gas composition and temperature on
the critical aluminum contents for obtaining protective alumina scale formation. This was
realized using two alloys with typical Chromium contents for MCrAlY material and different
Aluminum contents in the range of 2.4-4.5 wt.-%. As these amounts are far below the high Al
contents of the MCrAlY alloys mentioned above (10-13 wt.-% Al), the investigation of
possible effects of gas composition and/or temperature on the protective Al.Os3 scale

formation was possible in relatively short-term experiments (up to 1000 h).

The studies are focused on experiments with the wrought Ni-base alloys 602 CA (2.43 wt.-%
Al) and Haynes 214 (4.46 wt.-% Al), to investigate the effects of alloy composition on the
oxidation behavior.

This thesis is part of the research project “Oxidation Mechanisms of Metallic Carrier
Materials for Gas Separation Membranes in Power Generation Systems with CO2 Capture”,
funded by Deutsche Forschungsgemeinschaft (DFG).



4 Theory of High Temperature Corrosion

In the following sections the thermodynamical background relevant to high temperature
oxidation processes is presented. Special emphasis was put on the description of oxidation
mechanisms of alloy systems. These fundamental aspects are the basis for analysis and
evaluation of the results of material testing as well as the modelling approaches used in the

discussion of the own experiments.

4.1 Thermodynamics

The oxidation processes of a metallic material obviously depend on the environment to which
it is exposed. These environments are characterized by temperature, chemical composition
and pressure of the gas, in which the material is exposed and the duration of the impact of this

environment.

4.1.1 Fundamentals

The reaction of metal (M) and oxygen forming one mole of metal oxide (A/,0,) can be

described by the following chemical equation [38]:

aM+(z)oz — M0, (1)

Whether a chemical reaction, like oxidation, takes place under certain conditions depends on
its change in free Gibbs energy G'. The Gibbs energy of a certain state is explained by the
second law of thermodynamics [31].

G'=H-T>S' 2)
H' = Enthalpy [J/mol]

T = Temperature [K |

S' = Entropy [J/mol XK |

From this equation it results for the change in Gibbs free energy:
AG'< 0 =» Reaction proceeds from left to right in equation (1)
AG'=0 =» Thermodynamic equilibrium, no reaction

AG'> 0 =» Reaction proceeds from right to left in equation (1) [25]

For a chemical reaction of the type ad+bB — cC+dD with a, b, ¢ and d as different
numbers of moles and different substances A, B, C and D, AG’ is defined as [25]:

9



\ a¢ xay
AG'= AG®+ RT Xn| 3)

a b

a,xag

AG° = Change in Gibbs free energy for standard state of all reactants [J / mol]
R = Ideal gas constant = 8,314J /mol>K

a, = Activity of substance i

i

a,b,c,d = Number of moles of the different substances from the chemical reaction

The change in Gibbs free energy for standard state of all reactants AG® is calculated as [25]:
AG®° =c>AG° . +d>AG°, —a>AG® , —b>AG®, 4)
AG®°, = Change in Gibbs free energy for standard state of the substance i [/ mol]

The activity a, of the different substances is defined as [25]:

Pi

a =2 6)
p;

)2 = Partial pressure of gas i

pl = p, for standard state of gas i

4.1.2 Dissociation Pressure

The dissociation pressure describes the oxygen partial pressure which marks the limiting p,,

for oxide formation. Beyond this value the metal forms its respective oxide and beneath it the
oxide will not be formed or existing oxide will be dissociated. If the oxygen partial pressure is
equal to the dissociation pressure of a metal, the metal and its respective oxide coexist [25].

The reaction is in thermodynamic equilibrium, hence equation (3) changes to:

c d
AG’:AG°+R><T>dn(“‘; i J:o (©)
a, g

Rearranging leads to [25]:

c d
—AG°=R><T><1r{“3 s
B

a‘xa

J: RXT ¥n(K) Q)

10



-AG°

=> =1In(K) =2.303x¥og(K
T (K) g(K)
-AG°
= log(K)=——— 8
o= 30 ®)
K = Equilibrium constant

The value of K is constant for each metal/oxide pair at one temperature and can be taken
from thermodynamic data bases, e. g. FACTSAGE. For the reaction of metal (M) and oxygen

forming one mole of metal oxide (equation 1) the logarithm of the equilibrium constant log K

can be derived as:

logK = log| ——-0:e )

E a
p 0, >@Me/a/

e = Activity of the oxide
Ay = Activity of the metal

Po, = Oxygen partial pressure [bar]

If oxide and metal are pure substances, their activities can be assumed as 1. This simplifies

equation (9) to:

logK = log| Lb (10)
ps,

Combining equation (8) and (10) leads then to the following expression for the oxygen partial

pressure for the case that metal and oxide coexist [38, 39]:

b

b —AG®
log| pO,? |=————
Og(p 2] 2.303xRXT

2><AG°J (n

=> p0, =ex

pY, p( bsR>T
The dissociation pressure is temperature dependent and differs for every element. Figure 8
shows the calculated dissociation pressures of some metal oxides as function of reciprocal

temperature.
11
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Figure 8: Dissociation pressures of different metal/oxide systems as function of
temperature calculated with FACTSAGE assuming unit activities for metals and oxides

4.1.3 Oxidation in H2O/H2 and CO2/CO Mixtures

As shown in Figure 8 the dissociation pressures are for most of the relevant oxides very low
compared to the oxygen partial pressure in air (0.21 bar). Lower oxygen partial pressures can
prevail in gas mixtures, such as e. g. H2O/H> or CO»/CO. Considering a mixture of water
vapor and hydrogen at high temperature, the equilibrium in the gas phase will be established

given by the following reaction [40].

2H,0(g) & 2H,(g)+ 0, (12)
H, )’ xpO
Applying the same procedure as described for equation (11), using K = (pﬂix’;z
(pH 2 O)
leads to [41]:
2XAG°
“N orxr
O, = > (13)
rH,
pH,0

The equilibrium oxygen partial pressure in the gas mixture thus depends on the HoO/H» ratio
and not on the absolute partial pressures of the individual species. In pure steam or in Ar-H>O

mixtures the equilibrium hydrogen and oxygen partial pressures derived from equation (13)
12



have similar values, but in the calculations the change in water vapor content due to formation
of Ha, Oz and other gas species such as HO> and OH has to be taken into account [41]. The
equilibrium oxygen partial pressures in gases with various HoO/H: ratios as well as in pure
steam in the temperature range 500-1100°C are shown in Figure 9. The equilibrium oxygen
partial pressure in CO>/CO mixtures can be calculated in the same way as for H>O/H>
mixtures and is thus not shown here. In addition, Figure 10 shows the oxygen partial pressure
of the test gases used in the present study compared with the dissociation pressures of the

relevant oxides.
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Figure 9: Equilibrium oxygen partial pressure as function of temperature in various gas
atmospheres calculated with FACTSAGE [41]
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Figure 10: Equilibrium oxygen partial pressure of gas mixtures (dashed lines) and
dissociation pressures of selected oxides (solid lines) calculated with FACTSAGE. For
the metal/oxide equilibria unit activities for the respective metals and oxides were
assumed
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4.1.4 Ellingham Diagram

The change in Gibbs free energy for standard state AG® as a function of temperature and the
corresponding dissociation pressure can be derived from the Ellingham diagram (Figure 11),
originally developed by Ellingham in 1944 [42]. The values of AG® refer to the standard free
energies of formation of the oxides per one mole of oxygen (0O:). In addition to the
corresponding dissociation pressures of the various oxides, also the corresponding ratios of
H>O/H» and CO»/CO can be derived from the diagram.

Ha/H50 ratio 108 108 104 Po,
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Figure 11: Ellingham diagram for various metal oxidation reactions [25]
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4.2 Oxidation Kinetics
4.2.1 Oxide Growth

If a metal is exposed in an atmosphere whose oxygen partial pressure is higher than the
dissociation pressure of the oxide, the metal begins, according to equation (1), to form oxide.
This means, metal atoms in contact with the gas react with the oxygen contained in the gas
and form oxide on the metal surface. This oxide formation continues until a dense oxide layer
has formed which separates the metal from the oxidizing gas. For further oxidation to proceed
it is necessary, that either metal diffuses through the oxide layer to the oxide/gas interface or
oxygen diffuses to the metal/oxide interface to form new oxide at the respective location. That
implies, that the kinetics of further oxidation are not governed by the thermodynamics of
equation (1), but depend on the transport of metal and/or oxygen through the existing oxide
layer [31].

At high temperature the majority of the metals form very rapidly a dense oxide layer on the
metal surface, the kinetics of oxidation depends mainly on the diffusion through this oxide
layer [25, 31]. In classical oxidation theory it is assumed that diffusion occurs via point
defects in the oxide. Figure 12 shows the schematic structure of an oxide and illustrates the

types of major point defects.

Vi Ay
s9g2 .9 .,
0% .95°° 9
e e
N | {

Figure 12: Possible point defects in the ionic structure of an oxide [43]

Figure 12 uses the Kroger-Vink notation [38] for description of the different point defects (X
= Anion/Oxygen; M = Cation/Metal). Using this notation, possible point defects are:

Vi = Anion vacancy, a lack of one oxygen ion
V' = Cation vacancy, a lack of one metal ion
X" = Interstitial anion, an oxygen ion

M’ = Interstitial cation, a metal ion

i
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D;, = Donor substitutional impurity

Ay, = Acceptor substitutional impurity

The latter two will not be further discussed and for the theoretical approach the assumption of
an impurity-free metal oxide is reasonable [25, 31, 38, 44]. In high-stoichiometric ionic
compounds, which have a fixed metal to non-metal ratio [25] the remaining four types of
point defects form commonly in pairs [45] to maintain stoichiometry and electrical charge

neutrality. These pairs can be divided into three groups:

Schottky defects pairs =Vy-Vy
Describes a pair of anion and cation vacancy

Frenkel defect pairs =Vy-M"

Describes a combination of a cation vacancy and a cation interstitial
Anti-Frenkel defect pairs = V" - X'

Describes a combination of an anion vacancy and an anion interstitial

Non-stoichiometric ionic compounds consist of anions or cations with variable atomic
charges, although their metal to non-metal ratio varies [25]. In metal oxides mostly the cations

have variable atomic charges [25].

The four possible defects in the ionic lattice of a metal oxide, as displayed in Figure 12
(except the substitutional impurities), enable metal and/or oxygen ions to diffuse through the
oxide and the oxide layer is continuously growing. However the flux of the metal and/or

oxygen ions decreases with increasing oxide thickness. The oxide thickening rate at a given

time (% t) is inversely proportional to the thickness of the oxide (X) at time t [38]:

di X (14)
=> X xdx =k, xdt

X = Oxide thickness [cm]

kp = Parabolic rate constant [cm?/s]

t =Time [s]

Integration yields:

X?=2%,x+C (15)
16



Thus the oxide thickness obeys a parabolic time dependence. Assuming that the oxide
thickness X =0 at t = 0 [25] yields to:

X% =25k, % (16)

From this it follows that a change in oxidation time by a factor z, results in a change of the

]
oxide thickness by the factor ZA. The parabolic rate constant k, may be determined by

experimental measurement of the oxide thickness X as function of time. However these

measurements in the range of um are frequently inaccurate and time consuming [31].

4.2.2 Correlation between Oxide Thickness and Weight Change

Another way to determine the kinetics of an oxide layer, in addition to the measurement of the
oxide thickness X, is the measurement of the oxygen uptake as function of time. This value
can be determined much more accurate than the oxide thickness. It can also be applied during
isothermal exposure and therefore this method is applied more frequently in practice for
measuring oxidation kinetics [31]. Analogous to the determination of the oxide layer

thickness the area specific weight change as a function of time is given by:
Am® =2xk,, Xt 17)

Am = Area specific weight change [mg / em?]

k, = Parabolic rate constant [mgz/ cm* ><9]

The parabolic rate constants of different oxides may differ by several orders of magnitude.
The higher the point defect concentration in the oxide, the faster the oxide grows. Thus, the
oxides with the highest defect concentration exhibit, according to section 4.2.1, the highest
parabolic rate constants. Figure 13 shows parabolic rate constants for different oxides as
function of reciprocal temperature, revealing the well-established Arrhenius type temperature

dependence.

In contrast to most other oxides, the oxidation of Al may result in different types of Al>O3
polymorphs after different exposure times, as shown by several authors [25, 31, 46, 47]. The
thermodynamically stable form of Al>O3 is corundum type a-AlO3. However, a number of
metastable alumina phases exist, i. e. y-, 8- and/or 0-Al,03 [25, 31]. The transition from
metastable phases to corundum is time and temperature dependent. Figure 13 shows the
parabolic oxidation rates of different types of Al,O3 (here vy, 6 and a) as a function of

temperature.
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Figure 13: Parabolic rate constants for different oxides (left, [25]) and for different types
of A203 formed during oxidation of pure NiAl (right, [48])

The correlation between the area specific weight change Am and the oxide thickness X is

given by the following equation:

X = Am % M Oxide

p Oxide M Oxygen
P onide = Density of the respective Oxide [mg / cm3]
M = Molar mass of oxide [mg / mol ]

Oxygen = Molar mass of oxygen [mg / mol ]

4.3 Oxidation of Alloys

(18)

The oxidation of alloys is more complex than that of pure metals. This results mainly from

[25,31]:

Ternary and higher oxides can be formed

Diffusion processes in the alloy

® NNk W=

elements

18

Different dissociation pressures of the respective oxides

Depletion of one or more elements in the subsurface zone
Different diffusivities of the elements in the oxide phases
Time and temperature dependent formation of different phases

Dissolution of oxygen into the alloy can lead to internal oxidation of one or more

Different oxidation rates of oxides formed from different alloying elements



The following chapters will show the theory describing the different processes relevant to

alloy oxidation at high temperatures.

4.3.1 Transient Oxidation Stage

Both, alloys and pure metals, show during the very first moments of the oxidation process,
when no external oxide scale is present, the formation of transient oxides. After a certain time,
if parabolic kinetics are assumed like described in 4.2 for pure metals, the parabolic rate

constant k, will reach a steady-state [31]. The time period before the oxide growth reaches

steady-state conditions is designated as “Transient Oxidation Stage” [31]. The initial

oxidation can be divided into three main stages [38]:

1. Adsorption of oxygen on the alloy surface
2. Formation of oxide islands which grow laterally, forming a continuous film

3. Further growth of the formed oxide film normal to the alloy surface

During the steady-state, before an oxide layer with a critical thickness is formed, the oxide
growth is mainly governed by the reactions at the scale/alloy interface, as these are much
slower than the reactions at the scale/gas interface [31]. However, in the transient stage the
scale/gas interaction processes contribute to the scaling rate [49, 50], resulting in an
approximately linear behavior of the oxidation kinetics. As soon as the interface reactions
become faster than the transport processes in the scale due to scale thickening, this will result

in parabolic oxide growth.

If the experimental conditions allow the formation of more than one stable oxide of the alloy
constituents, the transient oxidation stage may contain the oxidation of all the respective
elements. For the transient oxidation of alloys consisting of Ni, Cr and Al there are three
different mechanisms proposed in literature. All three mechanisms assume that Ni, Cr and Al
can form thermodynamically stable oxides and that after the transient stage a three-layered
oxide morphology is formed (see Figure 14).

Mechansim A — The Giggins and Pettit model [25, 33]:

Exposure of several NiCrAl alloys (0-30 wt.-% Cr, 0- 6 wt.-% Al) at 1000 — 1200°C in
oxygen at 0.1 bar revealed that in the first step NiO and spinel form externally and Cr and Al
oxidize beneath. Subsequently, Cr2Os3 starts to form an external scale between the NiO/spinel
layer and the internal AO; precipitates. If the Al,O; precipitates are connected among

themselves, a three-layered structure is formed.
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Mechanism B — The Nijdam, Jeurgens and Sloof model [51]:

During exposure of y-Ni-27Cr-9Al (at.-) at 1100°C in one high- and one low pO: gas (2-10*
Pa, 0.1 Pa) the oxidation of Al is preferred initially, as this element forms a
thermodynamically more stable oxide than Ni and Cr, and a thus thin Al,O3 scale is formed.
Due to the rapid growth in the early stages of the oxidation process the concentration of Al
beneath the scale is depleted to virtually zero. The mole fraction of Al drops to a value, where
Al,03 and Cr203 are in equilibrium with the alloy, namely pO2(Al203) = pO2 piss(Cr203).
Cr203 can be formed, additionally to Al2Os. As due to Cr203; formation the Cr concentration
at the surface decreases rapidly, Al>03, Cr2O3 and NiO are in equilibrium with the alloy at the
scale/alloy interface, namely pO2(Al203) = pO2(Cr203) = pO2,piss(NiO). NiO is formed but its
amount is relatively small. At 1100°C the formation of all three phases occurs within the first
10 min. of oxidation. Subsequently, the decreasing oxidation rate in combination with the
oxide/alloy interface recession enables Cr enrichment beneath the scale and NiO formation is
stopped. After approx. 4 h oxidation the overall oxidation rate has decreased to such an extent
that CroO3 formation also stops and AlOs is formed exclusively. As a disadvantage, this
model does not address the morphology and distribution of the formed oxide phases within

the scale, as shown in point 3 in Figure 14.

Mechanism C — The Hu, Hovis, Heuer model [52]:

In the first minutes of exposure of y-Ni-28Cr-11Al (at.-%) at 1100°C in air a continuous
external Cr,O; layer forms and Al oxidizes internally. Ni particles are included between the
two oxide phases. Subsequently, the volume increase by transformation from metastable- to
a-Al203 causes extrusion of Ni particles towards the surface and NiO forms rapidly. The NiO

and the Cr203 layer continue to grow until a continuous inner a-Al,O3 layer has formed.

I_‘ alloy
a-AlLO5/ unspecified alumina
transition alumina

Figure 14: Scheme of the different mechanisms (a, b, ¢) proposed for the transient
oxidation of single-phase y-NiCrAl alloys [52]
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All three mechanisms describe a different sequence for the formation of the various oxides.
Mechanism A starts with NiO formation, mechanism B with Al,O3; formation and mechanism
C with the formation of a Cr2Os layer. However, all proposed mechanisms show after the

transient stage a three-layered oxide scale.

4.3.2 Internal Oxidation

A homogeneous binary alloy with parent metal A and alloying element B is assumed,
whereby the dissociation pressure of the oxide AOya is higher than that of BOys. Exposing
this alloy to conditions where B can form a thermodynamically stable oxide but A cannot be
oxidized will lead to diffusion of B atoms in the solid solution to the surface [25]. If the
solubility of oxygen in A exceeds a certain value, the formation of BOys will take place inside
the alloy by reaction of B with inward diffusing oxygen [53]. This is called internal oxidation
[53, 54, 55, 56, 57]. The necessary conditions for internal oxidation are [25]:

1. AG° for the solute metal oxide BOys must be smaller than AG® for the base metal
oxide AOya

2. AG for the formation of BO,s must be smaller than zero

3. The solute concentration of B in the alloy must be lower than that required for the
transition from internal to external oxidation

4. At the start of oxidation no surface layer prevents the dissolution of oxygen into the
alloy

4.3.2.1 Internal Oxidation in the Absence of an External Oxide
Scale

When the environmental oxygen partial pressure is below the dissociation pressure of AOya
but above that of BOys, then the environmental conditions allow the formation of a stable
oxide of BOs and prevent the formation of AOya [25]. Thus, the internal formation of BOys
without an external oxide scale of A is possible. Figure 15 shows the simplified concentration
profiles of oxygen and element B through the zone of internal oxidation (I0Z) in the absence
of an external oxide scale of A. The oxygen flux into the IOZ is defined as Jo and the growing
width of the I0Z as Xioz.

J,  =Oxygen flux [mol / cm?xs]
X,,, =Width of the IOZ [cm]

N, O(S) = Oxygen solubility at the surface [mole fraction]

N B(O) = Initial solute concentration of B [mole fraction]
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Figure 15: Simplified concentration profiles in and beneath the internal oxidation zone
(I0Z) without external oxide scale formation [25]

A quasi-steady state approximation requires the assumption that the dissolved oxygen
concentration changes linearly across the IOZ [25]. Hence, the oxygen flux can be calculated
using Fick’s first law [25]:

NS

gy =M _p o No (19)
dt Vm XX]OZ

n{% = Amount of oxygen in the 10Z [mol / cm?]

D, = Diffusivity of oxygen [em?/ 5]
V4% = Molar volume of the alloy A-B [cm?/ mol ]

m

If the counter-diffusion of B towards the IOZ is neglected (Figure 16, left) and assuming the
formation of BOyg, the amount of oxygen in the IOZ can be calculated by [25]:

(0)
_ NB Vg XXIOZ*
- yA-B

m

(20)

Ny

v, = Specific factor of oxide BOyp
X ,,y» = Width of the IOZ without counter-diffusion of B [cm]

Combining equation (19) with equation (20) yields:

dn,, _ N(BO) Wy dX o5
dt y Ak dt

(s)
NO
A-B
9, G

m

:D()
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NS D,

X oz XdX 15 =
0z* 10Z*
‘ NP %,

xdt @1

Integration, assuming Xjoz+ = 0 at t = 0, yields the expression for calculation of the depth of
the 10Z, Xioz+, without considering diffusion of element B [25]:

lX 2 _ N(()S) XD()
271 NOs,

1
XN XD, |2
2770 70 (22)

107 [ Néo) )‘VB
Equation (22) assumes no counter-diffusion of B. If the diffusion of B towards the I0Z is

taken into account, the dissolution of oxygen and B in the I0Z and the alloy can be
determined by Fick’s second law [58, 59]:

N, =D, XBZN,.
ot boox?

with i=0 or i=B (23)

If it is assumed that the molar volume of the alloy A-B is constant and the formed oxide
particles BOyvg do not affect the oxygen diffusion in the material, equation (22) can be solved

for the following limiting conditions [57]:

N,=N for x=0, t>0
N, =0 for x> Xioz, t>0
N,=N for x>0, t=0
N, =0 for x<Xoz, t>0

The solutions of equation (23) are [57]:

x
erf| —7—
2x/D, %
Ny=NO1- o for 0 <x < Xioz 24
erf ()
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X

erfe| ————
2Dy
N,=NOx1- : for Xioz < x (25)
DO
erfe|l yx|—=
A
a = Time dependent kinetic parameter [59], defined in equation (31)

Assuming that BOyg is only formed at the reaction front, x = Xjoz, then the fluxes of oxygen
from the surface and of B from the bulk material towards this interface have to be equal.
Using equation (19) leads to [57, 59]:

(JO )X:XIOZ =V ><JB )X:X/oz

oN, oN
= —DO{ axo) =V, ><DB>{ axB) (26)
=X 07 =X 07

From substitution of the equations (24) and (25) into equation (26) it follows [57]:

NG exply? Jerf (7) o7
vy Ny D D D
—2sexp| > X eerfe| yx =<
DB DB DB

If the mole fractions of oxygen at the surface N’ and B in the bulk alloy N as well as the

diffusion coefficients D, and D, are known, y can be determined by numerical calculations

of equation (27). For the permeabilities of oxygen and element B, defined as the product of
mole fraction and diffusion of the respective element, two limiting conditions can be defined
[57, 59]:

I. The permeability of oxygen is much higher than that of B, thus N’ xD, >> N’ xD,
II. The permeability of B is much higher than that of oxygen, thus N’ xD, >> N5 xD,,

/D .
For the limiting condition I, it was shown that 7 <<1 and yX D—O >>1 [57]. Then equation

B

(27) can be approximated as:
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(28)

In contrast to this, the limiting condition II implies that ¥ <<1 and thus yx D—O <<1 [57].

B
For this case equation (27) can be approximated as:

N 2%y
Vi Ny g
D 2

NEE =l

DB

The two limiting cases have different effects on the concentration profiles of oxygen and
element B in the alloy as illustrated in Figure 16 [25].

(29)
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Figure 16: Schematic concentration profiles of oxygen and alloying element B during
internal oxidation for limiting condition I (left) and limiting condition II (right)

As the concentration of oxygen is in both cases equal to zero at the reaction front, x = Xjoz,
(see Figure 16) equation (24) can for this location be rewritten as:

X

e’y(‘ 10Z

0=NH1- 23 Do % (30)
erf (7)

From considering N’ > 0, as shown in Figure 16, it follows:
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el"f XIOZ
2x/D, %
0=1-

erf(y)

Rearranging then leads to:

X0z =2XX Dy % (1)

Assuming limiting condition I (NS’ xD, >> N{” xD,), and substituting equation (28) into
equation (31), leads to the same result for Xioz, as obtained by neglecting the diffusion of B,

shown in equation (22):

1
2N XD, n}z

for limiting condition I 32
N, g (32)

XI()Z‘] = |:

As the permeabilities in the limiting cases are very small [59], namely N’ xD, <<1 and

N’ xD, <<1, it holds that X, , equals X ,.

In case of limiting condition IT ( N}” xD, >> N xD,,), the substitution of equation (28) into

equation (30) yields for the depth of the internal oxidation zone Xioz:

1

NS D 2

X,,, =0 2o T3 for limiting condition 11 (33)
’ VB ><]\[B DB

Equation (32) and (33) can be used to estimate the depth of the zone affected by internal

oxidation. However, many alloy systems show deviations from these simplified calculations.

These deviations are based e. g. on [25, 55]:

1. Accelerated diffusion along the internal oxide/alloy interfaces, allowing deeper
penetrations than calculated

2. Preferential formation of internal oxide on alloy grain boundaries

3. Alternating bands of internal oxide formed parallel to the alloy surface

4. Extrusions of the parent element A from the IOZ forming pure metal nodules on the
alloy surface

5. Formation of areas containing more than the stoichiometric amount of oxygen
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In spite of these deviations, it follows from equations (32) and (33) that there is a limiting
initial concentration of element B for which the internal oxidation is stopped [25]. If this is the

case, a transition from internal to external oxidation of B takes place.

4.3.2.2 Internal Oxidation in the Presence of an External Oxide
Scale

When the environmental oxygen partial pressure is above the dissociation pressure of oxide
AOya, then BOyg and AOya can be stable [59]:

O, > pOZ,AOm > pOZ.BOm (34)
0,0, = Dissociation pressure of the respective oxide iOi [bar]

Values for dissociation pressures of several oxides as function of temperature may be
calculated with FACTSAGE (see Figure 8). Figure 17 shows the concentration profiles for
oxygen and element B in the IOZ in the presence of an external oxide scale of AOya [59]. In
comparison to the internal oxidation of element B without the external formation of AOya,

there are two main differences to note [59]:

1. Recession of the scale/alloy interface, due to formation of AOya
2. The oxygen partial pressure at the interface between AOva scale and the I0Z is not

governed by the oxygen partial pressure of the gas but equals the dissociation pressure

of AOva
Gas  Oxide 10Z T Alloy-Matrix
(AO,n) (BOE) :
: . /:/IntemaIOxwle NB(O)
Original __—» !
surface :

'JO

|
|
|
|
|
|
|
No |
|
1
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Figure 17: Simplified concentration profiles in the internal oxidation zone (I0Z) for the
case that an external oxide scale is formed based on reference [59]
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Both effects were investigated by Nesbitt [60]. To consider the recession of the scale/alloy
interface in a binary Ni-Al alloy at 1200°C a modified form of equation (27) from F. Maak
[61] can be used:

2
(5) o
No © (35)
VXN D, 2 o D,
>exXpl ¥ x—= Perfe| yx|[—=
B B D B
cm’
k' =parabolic rate constant for the recession of the oxide/metal interface { ]
s

To consider effect number 2 (see page 27) the oxygen partial pressure at the scale/IOZ
interface has to be considered to be equal to the dissociation pressure of AOya. Compared to
the conditions without formation of an external scale (pO2 < dissociation pressure of AOva),
this will result in a pO; increase at the interface, affecting the formation of the I0Z by the

oxygen solubility No. The relation between pO: and oxygen solubility No is given by

Sieverts’ law [62] in which the equilibrium reaction constant K ,,, is related to the standard

Gibbs free energy change AG® of the reaction % 0,(g) =0 [31] by equation (7):

1
NéS) = KpOZ ><(p02 )2 (36)
K ,», = Equilibrium reaction constant for the dissolution of oxygen

Substitution of equation (7) into equation (36) yields to [31]:

—AG° —AH , +TxAS
K0 =exp( ™ J:exp( OR><T 0) 37)

—AH, +T>AS,

1
NgS) = Kpoz >‘(p02)2 = exp( RT

jx(poz )2 (38)

AH, = Enthalpy change for the dissolution of oxygen [Jl]
mo

AS, = Entropy change for the dissolution of oxygen l: }
mol XK
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Values for AH, and AS, differ depending on the respective base metal and can be found

from various sources in literature [63, 64]. By calculations, considering interface recession
and a pO2 equal to the dissociation pressure of AOva, it was found by Nesbitt for binary NiAl
alloys that the surface recession has only a marginal effect on the calculation of
concentrations of element B (here Al), whereas a higher pO2 at the scale/alloy interface will
promote the internal oxidation of B [60]. However, if the initial concentration of B exceeds a

certain value a transition from internal to external oxidation of B occurs.

4.3.3 Transition from Internal to External Oxidation

Equation (32) and (33) show that the width of the IOZ decreases with increasing N B(O) and

decreasing NO(S). If, for a given oxygen solubility NO(S) , the initial concentration of B is

sufficiently high, the outward diffusion of B will cause the formation of a continuous layer of
BOyp and internal oxidation is stopped. The binary alloy A-B will then be covered by an
external BO,g scale [25]. It is assumed that no external scale of AOya is present. The
transition from internal to external oxidation of one alloying element in a binary alloy system
was firstly investigated by Wagner in the late 1950s [56, 57].

The mole concentration of BOws per unit volume in the 10Z is defined as N, / yar it

V4" is the molar volume of the alloy A-B [25]. During time increment d¢ the internal
oxidation front, with the area A, moves a distance step dXjoz. Hence, the number of moles of

BO,, .
2 XAxdX ,,, . This amount has to be equal to

m

BO,s in a volume element can be defined as

the number of moles of B arriving from the bulk alloy at the reaction front [25]. Using
equation (19) yields then to [25]:

A-B
m

N
[ B0 JxA XdX 1, = (= AXJ )t

Ngo, D oON
=>[ o )xA xdX ,,, = AXVA’fB {axB t (39)

Substituting the derivatives of equation (25) and (31) into equation (39) leads to [25]:

Voo, _ ! (40)

NO
T mxyx Dy >@xp(;/2 Lo }@rfc(;/ Lo )
DB DB DB

The molar volume fraction of BOg in the IOZ can be defined as [59]:
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BO,;
N 50, X

P (41)

8p0, =

Thus, by combining equation (40) and (41) it follows:

| D, D, D
NO = s ol 71 3y x =2 sexp| 72 %= |xerfe] v [x—2 42
B g BO,, V :Om ?/ DB p 7 DB f 7/ DB ( )

A critical molar volume fraction g, for which the transition from internal to external

oxidation takes place is assumed. This critical volume fraction g;% is defined as the

minimum volume fraction of the oxide BOys in the IOZ necessary to form a continuous scale

of BO,s instead of precipitates separated by the base alloy matrix A [25]. Connecting the
critical molar volume fraction g, to limiting condition II (N xD, >> N xD,,) [59] will

simplify equation (42) to [59]:

, y 4B D
N s = Gy ¥ 70 Xy x |2 43)
V 50s D,

Substitution of equation (29) into equation (43) and rearrangements yield to the general
criterion for the transition from internal to external oxidation, defined originally by Wagner
[25, 571:

(44)

1
* A-B (S) v
o ( &ho, XV,TIXNG XD, P
B critical 1 BO,,

20, XV XDy

It has to be taken into account that equation (44) holds when the concentrations of oxygen
(No) and alloying element B (Np) at the reaction front of the internal oxidation zone are
virtually zero [59]. If N exceeds N\

B critical 1

then the oxidation process will change from
internal to external oxide formation of B, as the critical molar volume fraction g, is reached

[25]. In 1961 Rapp determined experimentally the value g;% to 0.3 for In203 in Ag-In alloys

[65]. For experiments with binary Ni-Al alloys Nesbitt [60] identified an average critical

volume fraction g, of 0.2. However, by comparing calculations with the experiments of

Giggins and Pettit [33] it was found that for Ni-Al alloys, oxidized at 1200°C, a critical

volume fraction of 0.3 corresponds much better to the experiments than the value of 0.2 does

[60]. In the present work a calculation of Zhao et al [66] is used to determine the critical
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volume fraction g, for the formation of external AO3 on NiCrAl alloy. It calculates as

[66]:

850, = - 7 (45)

Using equation (45) leads to a critical volume fraction for the materials of the present study of
0.53, which is higher compared to the value of 0.3 determined by Rapp [65]. The authors of

the applied quantitative approach leading to equation (45) mention a certain overestimation of

820,, , arising from missing consideration of supersaturation affecting the volume fraction

830, and of the oxide particles geometry in the I0Z [66]. The latter can be affected by

different environmental conditions, particularly different gas species and temperatures [67,
68].

4.3.4 Maintenance of External Oxide Scale Growth

Formation of an external oxide scale BOys results in a depletion of the scale forming element
B beneath that scale. To maintain an existing external oxide scale BO,s the concentration of
element B beneath the scale after its formation has to be high enough to sustain the scale
growth [25, 56]. The time dependent change of the concentration profile of B in alloy A-B
can be described by equation (46) and is illustrated in Figure 18 [25].

(a) (b)
Ng
Ng Ng
N(g)
X

Figure 18: Schematic concentration of B in alloy A-B at t = 0 (a) and at t > 0 (b) in case
of external BOvs formation [25]

Ny =NO + (N0 = N Jerf| —— (46)
2x/D, »

The concentration of B beneath the external scale is connected to the outward flux of B.
Similar to equation (19), the flux of B at the surface J{ (x = 0) can be calculated by Fick’s

first law [58]:
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Deriving equation (46) and assuming N to be zero [25] results for x = 0 in:

oN 2
2 = _N;O)crirical,Z x
ax x=0 a XDB X

1
> ©)
oo __ Dy [Ny _( Dy P 2PN sucan
=>Jy =7 il vl e (48)
v, ox ), \mx v
Where Ni” ... is the minimum initial concentration of B for the outward flux J§*. The

change in molar volume of B per surface area can be written as [31]:

X
dn a Y B
—L = =z (49)
dt dt

Substitution of equation (16), calculating oxide scale thickness X, into (49) yields to [31]:

X
d[ BO, ) 2Xk !
d V VB 2
= A )L AT (50)
dt dt Vs dr o t

Combining equation (48) and (50) leads to [59]:

! 1

o (0) L

JS = & 2 2XN, critical, 2 _ 1 2><kp 2
’ T yA-B v mBom p

m

1
VIR Ao LT (51)
B critical ,2 V BO,» 2 XDB

Thus, the growth of an external scale of BO,g on a binary alloy A-B will be maintained if the
O]

B critical )2

initial concentration of B (N ") is higher than N i. e. diffusion is fast enough to

supply sufficient B for the scale growth.
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5 Experimental

5.1 Studied Materials

The requirements on a construction material for support structures of gas separation
membranes can be fulfilled by a-AlO; forming Ni-base alloys, as mentioned in section 1.
During operation at elevated temperatures these components have to withstand different
corrosive atmospheres, containing e. g. Oz, H2O and CO (Table 1). In these conditions, the
formation of a protective Al,O3 surface scale is crucial for the operation of the membrane
carrier. To determine the influences of temperature, exposure time and gas atmosphere on the
selective oxidation of Al, the “borderline” NiCrAl-base alloys Haynes 214 and Alloy 602 CA
were investigated. The expression “borderline” here means, that the alloy Al contents are
close to the value given by equations (44) and (51) and may thus change from external to
internal Al,O; formation upon changes of experimental conditions, e. g. temperature and gas

composition.

The materials were provided by Haynes International (Haynes 214) and VDM Metals (Alloy
602 CA) in the form of 2 mm thick sheets. The chemical analysis of the materials was
performed by inductively coupled plasma optical emission spectroscopy (ICP-OES) for most
of the elements. The carbon analysis was performed by combustion in an oxygen flow with
subsequent quantitative infrared spectroscopy. In addition, the boron concentration was
determined by ICP mass spectrometry (ICP-MS), as its concentration is <0.01. The results
(Table 2) show only small variations between the analyzed batch of Haynes 214 and the

nominal composition from the manufacturer.

Haynes 214 Ni Cr Al | Fe | Mn C Si Zr Co B

Analyzed (at.-%) | 69.93 | 16.68 | 8.96 | 3.49|0.19| 0.401 | 0.058 | 0.0143 | 0.0147 | 0.0144

Analyzed (wt.-%) | 75.7 | 16.0 |4.46| 3.6 |0.19| 0.0895 | 0.030 | 0.024 | 0.016 |0.00287

Nominal (wt.-%) | Bal. 16 | 45| 3 |<05| 005 | <0.2 | <01 - <0.01

Table 2: Nominal and analyzed chemical composition of Haynes 214

Alloy 602 CA with a lower Al content was chosen in addition to Haynes 214 to investigate
effects of composition, especially Al content, on external alumina scale formation. Table 3

gives the exact chemical composition, determined the same way as for Haynes 214.

Alloy602CA| Ni | Cr| Al |Fe | Ti | Mn | Co Si Mo C Zr Y B

at.-% 58.59|24.8| 4.9 |10.1/0.16| 0.05 | 0.044 | 0.08 | 0.006 | 0.840 |0.043|0.038| 0.004

wt.-% 62.8 |123.6/2.4310.4|/0.38| 0.35 | 0.35 | 0.32 | 0.24 | 0.0997 |<0.01|<0.01 |0.0008

Table 3: Analyzed chemical composition of Alloy 602 CA
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5.2 Sample Preparation

Specimens with a size of 20 x 10 x 2 mm were machined by laser cutting of all two test
materials. For the oxidation studies the specimens were ground to p1200 grit surface finish
and ultrasonically cleaned with ethanol prior to exposure. Figure 19 shows the sample
dimensions and a photo of the sample in the post preparation state.

Figure 19: Dimensions and photo of a ground sample before oxidation

5.3 Oxidation Experiments

The oxidation of the different samples was carried out in furnaces with controlled atmosphere.

Two types of test rigs were used:

1. Thermogravimetric analysis facility
2. Tube furnace

For isothermal experiments up to 72 h a thermogravimetry facility was used for continuous
recording of the mass change during exposure [69]. The experiments were catried out using a
Setaram TGA 92 microbalance. The specimens were heated to the test temperatures at a rate
of 90 K/min in the respective test gas, kept at temperature for 72 h, and subsequently furnace
cooled at approximately 10 K/min. The volume flow of the respective gas was set to 2 I/h,
which corresponds to a linear velocity of 0.2 cm/s. The accuracy of this measurement
technique is limit by the drift of the device (0.1 um/h), the resolution (0.002 pg), which is not
dependent on sample size, and the accuracy of the measurement of the sample dimensions (10

um). Figure 20 shows the setup of the thermogravimetry facility.

For long-term experiments up to 1000 h a tube furnace was used for the oxidation tests. The

heating and cooling rate of the furnace were 10 K/min and 2 K/min, respectively. The gas
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flow rate was set to be equal to that of the thermogravimetric furnace, thus 2 1/h. Figure 21

shows the setup of the tube furnace, including the gas supply device.

Pretective casing

Automatic recording balance

Balance shield
gas inlet

Balance shield

l gas exit
Reaction chamber

gas exit

Specimen

Narrow-bore counterweight

pyrex tube

Silica or Pt suspension fiber
Silica or refractory tube with ground joint

Specimen Reaction chamber
gas inlet
olN |[[O
O l O Tube furnace
O O
O (@)
Thermocouple

Figure 21: Photo of a tube furnace used for oxidation testing up to 1000 h exposure

5.4 Test Parameters

The separation of O from air has a big relevance for industrial applications (electricity,
concrete, and steel production (see section 1)). Thus, main emphasis was put on oxidation

studies in Ar-20%0; atmosphere. The test temperatures are:
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800°C
900°C
1000°C
1100°C

Thermogravimetric (TG) experiments were carried out for 8 h and 72 h. In addition, at 800°C

and 900°C tests were performed in a tube furnace for 1000 h.

One set of specimens of Haynes 214 was aged in vacuum at 800°C for 100 h and
subsequently, after surface preparation, exposed to Ar-20%0: for 72 h at every test
temperature to investigate the effects of microstructural changes on the oxidation behavior. In
addition, as all gas separation processes in CCS contain H>O (Table 1), the effect of different
H>O-containing gases on oxidation behavior was investigated using the following test gases in
72 h TG exposures, beside Ar-20%0,:

Ar-20%0,-7%H,0
Ar-7%H20
Ar-4%H»-7%H-,0

5.5 Sample Characterization

After the oxidation process the samples were analyzed by a variety of techniques. The
microscope Leica MF4 was used for investigations by light optical microscopy. The other

characterization methods are described in the following sections.

For cross-section analyses with light optical microscopy and SEM/EDX after oxidation the

specimens were prepared according to the following steps:

1. The sample is coated with a very thin gold layer (approx. 10 nm in thickness) to obtain
an electrically conductive surface ready for nickel plating

2. A nickel plating is applied electrochemically from a NiSO4 bath to obtain a better
contrast between oxide scale and epoxy resin during light and electron optical
microscopy

3. The sample is embedded in epoxy resin to protect the oxide layer against possible
damages during grinding/polishing and to allow easier handling

4. A series of grinding (SiC paper) and polishing steps (diamond paste) is performed

with a final polishing using 0.25 pm granulation SiO> solution
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5.5.1 SEM/EDX

Analyses to determine the compositions of the respective specimen surfaces are carried out
with the scanning electron microscopes (SEM) Zeiss Merlin and Zeiss Supra S0VP (Zeiss
Microscopy, Oberkochen, Germany) equipped with energy dispersive X-Ray spectroscopy
(EDX) X-Max (Oxford Instruments). The working principle of SEM is illustrated in Figure 22
[70].

Ejected K-shell electron Incident radiation

M-shell electron
fills vacancy

K, x-ray emitted

Shells
(orbits)

Figure 22: Illustration of the working principle of SEM [70]

The surface which has to be analysed in the device is bombarded with electrons. This causes
the electrons on the inner shells to leave their original orbital. These leaving electrons are
called secondary electrons and are measured with a detecting device to obtain an image of the
samples surface [71]. Other signals are backscattered electrons, namely primary electrons

reflected by the sample, and X-rays [71].

The EDX method works by measuring the X-rays, emitted by shell changes of electrons.
Basically, the empty places on the inner shell, resulting from the leaving electrons, are
immediately filled up with more energy-rich electrons from a higher orbital. This change
induces an energy difference and the X-rays of this energy difference can be analysed by a
detector. Thereby, each electron change, each atom and each element has its own
characteristic X-rays [71]. Therefore, in each location of the surface all elements can be

characterized.

5.5.2 XRD

With X-Ray diffraction (XRD) it is possible to determine the crystal structure of solid objects.
The D4 Endeavor Diffractometer from Bruker AXS GmbH (Karlsruhe, Germany) was used in
the present studies. Figure 23 illustrates the principle of the X-Ray diffraction schematically
[72].
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Figure 23: Principle of the X-ray diffraction [72]

The incoming X-rays are partly diffracted at the atoms of the crystal structure and partly
transmitted. The wave length of the X-rays in this case has to be smaller than the distance of

the atoms to get a characteristically X-ray diffraction picture of the analysed solid object [73].

5.5.3 GD-OES

The so-called glow discharge optical emission spectroscopy (GD-OES) allows not only to
determine the chemical composition of the sample surfaces (like SEM), but also to analyse the
element composition in the deeper layers. In the present study GD Profiler HR from Horiba
Jobin Yvon (France) was used. The working principle of a GD-OES device is shown in
Figure 24 [74].

/

Figure 24: Illustration of the working principle of GD-OES [74]

Between the sample and a glow-discharge lamp, which is used as anode, a direct voltage is

applied in the way that the sample works as cathode. Argon ions, which are present around

the sample and the anode, are ionised by the voltage and accelerated towards the sample. By

hitting the sample surface the argon ions remove the surface atoms layer by layer. The single
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sample particles are now stimulated with ion push processes and other interactions and the
light, which they emit, is decomposed in spectral lines by a spectrometer. Photomultipliers
analyse the intensity of the single spectral lines [74]. In addition, the values received from the
multiplier have to be quantified with the aid of the exact bulk alloy concentration. The method
of quantification is described in [75, 76]. In this way it is possible to determine the
composition of the sample as function of the penetration depth, which is of prime importance

to interpret the corrosion mechanisms.

5.5.4 SNMS
In the present studies INA-5 SNMS Analyzer from SPECS GmbH (Berlin, Germany) was

used for secondary neutral mass spectrometry (SNMS). The working principle is similar to
GD-OES (see Figure 24), but in SNMS measurements the neutral particles coming from the
sample are analysed using mass spectrometry. The method of quantification is the same as for

GD-OES [75, 76].

5.5.5 Fluorescence Spectroscopy

Fluorescence optical spectroscopy can be used for identification of various crystallographic
modifications of alumina scales and their mechanical stresses arising from thermal mismatch
between oxide and alloy [77]. For prevailing investigations the device Labram HR 800 from

Horiba Jobin Yvon (France) was used.

The fluorescence is excited using an Ar-ion laser with a wavelength of 514.5 nm or a He-Ne
laser with a wavelength of 623.8 nm. Substitution of the native oxide cation in octahedral
coordination by Cr** ions produces Cr** luminescence lines (so-called R-lines) [77] which are

measured at specific wavelengths.
Estimation of mechanical stresses in the Al,Oz scale can be made by measuring shifts

between the R-lines of the respective specimen and of a stress free reference sample, e. g.

sapphire [77, 78, 79].
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6 Results and Discussion

Oxidation tests on alloy 602 CA were carried out in different H2O-containing atmospheres
and compared to those in Ar-20%Q:> to investigate possible effects of H>O on the oxidation
behavior. The effects of exposure time, temperature and alloy microstructure on the formation
of an external Al>O; layer were investigated by oxidation tests in Ar-20%0O> on Haynes 214.
Subsequently, the results obtained in Ar-20%02 were compared with those in Ar-7%H>0, Ar-
4%H>-7%H>0 and Ar-20%0:-7%H>0. In addition, to study effects of alloy composition,
especially changing aluminum concentrations, on the formation of a continuous Al.O3 layer,

the results of the oxidation tests on Haynes 214 and alloy 602 CA are compared.

6.1 Oxidation Behavior of Alloy 602 CA

The isothermal exposures were performed in Ar-7%H>0, Ar-4%H>-7%H>0, and Ar-20%0-
7%H>0 atmospheres at 800, 900, 1000, and 1100°C respectively (see section 5.3). For
selected experimental conditions, the results were compared with the behavior in dry Ar-
20%0:.

6.1.1 Phase Composition and Microstructure of Alloy 602 CA

The detailed chemical composition of the investigated batch of alloy 602 CA is shown in
Table 3. Figure 25 shows the backscattered electron (BSE) image of cross-sections of the
investigated alloy in the as-received condition. The alloy exhibits a recrystallized
microstructure consisting of equi-axed y-phase grains with evenly distributed precipitates of
Cr23Cs and Y-, Zr-, Ti-rich nitrides. The Cr23Cs precipitates have round shapes with a mean
diameter of 5-10 pm. Furthermore, small amounts of Y-, Zr-rich oxides were found in the -

matrix.
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Figure 25: Bulk alloy microstructure (BSE image) of alloy 602 CA in the as-received
condition
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6.1.2 Results of the Behavior in Ar-20%0: and H20-Containing
Gases

6.1.2.1 Oxidation Kinetics

Figure 26 - Figure 28 show area specific weight gain kinetics for alloy 602 CA measured by
continuous TGA (section 5.3) during 72 h of exposure in Ar-7%H20, Ar-4%H>-7%H-0, and
Ar-20%0:-7%H20 between 800°C and 1100°C. The weight gains increase with increasing
oxidation temperature for all specimens. Specimens oxidized at 800°C show very similar
weight changes after 72 h oxidation, independent of test gas used. Increasing the oxidation
temperature to 900°C, results in differentiation of recorded weight gains between the test
environments. The specimen exposed for 72 h in Ar-20%02-7%H>0 shows approximately
two times smaller weight gain than that measured in Ar-7%H>0. For specimens oxidized at
1000°C and 1100°C the highest weight gains were recorded in Ar-7%H20. The weight gains
during exposure in Ar-20%02-7%H20 and Ar-4%H»>-7%H>0O are very similar and
approximately 14 % smaller than those obtained in Ar-7%H20. Results in dry Ar-20%0-

revealed a qualitatively similar temperature dependence of oxidation kinetics (Figure 29).
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Figure 26: Area specific weight gain during isothermal oxidation of alloy 602 CA in Ar-
7%H:20 at different temperatures

The oxidation kinetics of the material exposed in all four test gases exhibit sub-parabolic
oxidation behavior and could therefore not be described using the classical parabolic rate
description, shown in equation (17). Therefore Figure 30 shows an example of the
instantaneous, apparent parabolic rate constant as function of time using the procedure
described in appendix B. A constant value of k' would relate to ideal parabolic oxidation.
However, the curves exhibit k’w-values which are steadily decreasing with increasing

exposure time. No sudden change in apparent k’'w-value occurred during exposure, thus
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indicating that the oxidation mechanism at a given temperature did not fundamentally change
during exposure. This tendency was found for all test atmospheres, as already indicated by the
shape of the TGA curves.
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Figure 27: Area specific weight gain during isothermal oxidation of alloy 602 CA in Ar-
4% H2-7%H20 at different temperatures
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Figure 28: Area specific weight gain during isothermal oxidation of alloy 602 CA in Ar-
20%02-7%H:0 at different temperatures
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Figure 29: Area specific weight gain during isothermal oxidation of alloy 602 CA in Ar-
20%0: at different temperatures
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Figure 30: Time dependence of the instantaneous apparent parabolic oxidation rate
constant of alloy 602 CA during isothermal oxidation in Ar-7%H20

6.1.2.2 Oxide Scale Formation

Figure 31 shows the SEM/BSE images of the oxide scale formed on alloy 602 CA exposed
for 72 h at 800°C. The oxide scales consist predominantly of a thin external Al,O3 layer with
a thickness up to approximately 200 nm. Chromium rich transient oxides with a thickness of
up to 0.5 um are locally present on top of the alumina scale. Since the oxide scales formed on
the investigated specimen possess thicknesses below 1um the XRD measurement in Bragg-
Brentano geometry only shows the phases present in the metal matrix, which are y-NiCr and

chromium rich carbides of the type M23Cs (Figure 32). The grazing incidence XRD
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measurements at 1° show that the phases present at detectable levels in the oxide scale are
spinel (probably NiCr204), Cr203 and a-AlxO3. The average amount and composition of the
transient oxides can hardly be estimated from SEM or XRD measurements. Additional
information can be obtained from GDOES or Plasma-SNMS measurements which give an
average element concentration from a circular area of 3-5 mm diameter. Exact quantitative
interpretation of the elemental depth distribution is, however, difficult due to lateral

inhomogeneity of the oxide scales formed on the investigated specimens (see Figure 31).
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Figure 31: Metallographic cross sections (BSE images) of alloy 602 CA after isothermal
oxidation at 800°C in Ar-7%H:0, Ar-4%H:-7%H20 and Ar-20%02-7%H:20 for 72 h,
results are compared with those for a specimen exposed in Ar-20%O:

Figure 33 shows GDOES depth profiles from the oxide scale formed at 800°C in Ar-20%0>-
7%H20. The signals related to the absolute outer part of the scale are affected by adsorbed
species, especially oxygen, and therefore do not exactly represent the composition of the
oxide corresponding to the sputter time of t = 0 s. The surface oxide scale is clearly enriched
in chromium and aluminum. Figure 31 shows the scale to be laterally inhomogeneous. Thus,
the distribution of chromium and aluminum in Figure 33 does not exactly describe the real
distribution as a function of depth. The metal matrix in the direct vicinity of the oxide scale is
very slightly depleted of aluminum by approximately 0.5 at.-%, whereas chromium shows no
depletion. Additionally, a relatively small titanium enrichment was found in the oxide scale.
From Figure 31 it appears that the transient oxide in this case seems to consist mainly of
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Cr20s. The nickel concentration in the oxide scale is quite small. The borderlines between the
transient oxide and the alumina layer are not very well defined in the Plasma-SNMS profiles
for the reason mentioned above. The lateral inhomogeneity of the scale is, to some extent,
caused by the presence of partially oxidized chromium carbides located in the direct vicinity
of the specimen surface (Figure 31).

1 = NiFe,0, 5
2 =Cr,04
3 = a-AlL,O,
4= CryCyq
5 = y-Matrix
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Grazing incidence (1°)
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10 15 20 25 30 35 40 45 50 55
Diffraction Angle 26

Figure 32: XRD analysis of alloy 602 CA exposed to Ar-20%0:-7%H:0 at 800°C for 72 h
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Figure 33: GDOES depth profiles of alloy 602 CA exposed in Ar-20%02-7%H:20 at
800°C for 72 h
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In contrast, the Plasma-SNMS elemental concentration profiles from the specimen exposed in
Ar-7%H20 (Figure 34) show three clearly distinguishable regions in the oxide scale. The
outer region is enriched in nickel, aluminum and to lesser extent in iron. In the second region
chromium is the main metallic element. The third inner region, in which aluminum is the
main metallic component, corresponds to the external alumina scale. Moreover, enrichment of
titanium can be seen in this region. These results correlate well with those of SEM and XRD
measurements (Figure 31, Figure 32). The outer part of the oxide scale thus consists of
transient Ni- and Cr-rich oxides such as e.g. spinel and/or Cr203. An alumina layer was
formed beneath the transient oxide.
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Figure 34: Plasma-SNMS depth profiles of alloy 602 CA exposed in Ar-7%H:0 at 800°C
for 72 h

The SNMS depth profiles for the various elements in the oxide scale formed during oxidation
in Ar-4%H2-7%H-0 at 800°C were quite similar to those measured in the specimen exposed
to Ar-7%H>0 and are therefore not shown here. The nickel enrichment present on the surface
of the oxide scale formed in Ar-4%H,-7%H-0O does, however, relate to evenly distributed fine
particles consisting of nickel rather than Ni-containing oxide (Figure 35), since NiO is not
thermodynamically stable in this atmosphere (Figure 10). Formation of such metallic nickel

was not observed in the other test atmospheres.
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Figure 35: Secondary electron (SE) image of surface oxide morphology for alloy 602 CA
after isothermal oxidation in Ar-4%H2-7%H20 (left) and Ar-7%H:20 (right) at 800°C
for 72 h

Optical fluorescence measurements of Cr*" ions were performed in a number of random
locations on the specimen surfaces to obtain more detailed information about the type of
AlLO; formed on the specimens exposed at 800°C. A typical example of these measurements
is shown in Figure 36. The results show that the alumina consisted of significant amounts of
0-Al203 and smaller amounts of metastable alumina (probably 6-Al>O3) (Note that the
fluorescence intensity for o is approximately ten times larger than that for an equivalent
amount of 0 [78]). The amount of metastable alumina formed during oxidation at 800°C was
too small to be detected by XRD. The positions of the R1 and R2 fluorescence lines for Cr**
ions in 0-AlOs differ from those of the stress-free sapphire reference. This suggests the
presence of residual compressive stresses in the oxide scales formed in the investigated test
gases. According to the literature [79], these stresses arise from a thermal expansion mismatch
between oxide scale and alloy during cooling to room temperature and from oxide growth
stresses. Calculating the average in-plane stresses of the alumina-based scales, using the
procedure described in reference [79], gives approximate values in the range of 2.6 to 3.8
GPa. These values are lower than those reported for the oxidation of a 45Ni-25Cr-25Fe-5Al
alloy in air at 1100°C (6.4-6.7 GPa) [79] and those found after oxidation at the same
temperature on a NiCrAl base y-matrix (7-8 GPa) [80]. Although the calculations give an
estimation rather than exact values, indications were found that the residual stresses after
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exposure at 800°C for 72 h in Ar-4%H2-7%H20 were slightly higher than those in the other
atmospheres. The relative amounts of 6-Al,03 formed were not significantly affected by the

gas composition (Figure 36).
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Figure 36: Fluorescence of Cr3* of the oxide surfaces of alloy 602 CA after oxidation in
Ar-7%H20, Ar-4%H:-7%H:20 and Ar-20%02-7%H20 at 800°C for 72 h

After exposure in the low pOz gases Ar-7%H>0 and Ar-4%H>-7%H>0 at 900°C the specimen
surfaces are predominantly covered by external chromia. However, some local areas are still
covered by an external alumina scale (Figure 37). A similar scale formation mechanism is
also found after exposure in Ar-20%O0:. Formation of an internal oxidation zone (IOZ)
containing alumina precipitates was observed in the sub-surface zone beneath the external
chromia. In contrast to this, the surface of the specimen exposed in Ar-20%02-7%H>0 at
900°C is covered by an external AlbOs scale, which correlates with the lower weight gain

recorded for this specimen (Figure 28).

A similar oxide formation is found after exposure at 1000°C, independent of the gas
composition (Figure 39). All specimens oxidized at 1100°C formed external chromia scales
on their surfaces (Figure 40). Detailed GDOES analyses (Figure 42 - Figure 44) show that the
oxidation affected zone consists of three regions. The first region is a relatively thin outer
layer exhibiting enrichment in titanium (3 - 10 at.%) and manganese (1 — 2 at.%). The
maximum titanium enrichment was observed for the sample oxidized in Ar-7%H20. The
second region, in which the main metallic element is chromium corresponds to an

approximately 10 pm thick external chromia scale. On all specimens an enrichment in
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titanium of 0.3 — 0.5 at.-% was found within the chromia. The third region with clearly visible

aluminum enrichment corresponds to the internal oxidation zone.
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Figure 37: Metallographic cross sections (BSE images) of alloy 602 CA after isothermal
oxidation at 900°C in Ar-7%H20, Ar-4%H2-7%H20 and Ar-20%0:2-7%H:20 for 72 h,
results are compared with those for a specimen exposed in Ar-20%O0:

Comparison of the microstructures of the oxide scales formed at 1000 and 1100°C in various
test gases (Figure 39 - Figure 40) illustrate that the chromia scales grown in Ar-20%0;-
7%H>0 or Ar-20%O0; contains more voids and cracks than those grown in Ar-7%H>0 or Ar-
4%H»2-7%H20 (Figure 40). After oxidation at 1100°C the Cr203 scale formed in the low pO:
gases, especially Ar-7%H:0, are thicker than the scales formed in Ar-20%02-7%H>0 (as well
as in Ar-O). This is in agreement with the higher weight gain at 1100°C in Ar-7%H>0
(Figure 26 - Figure 29), although it should be borne in mind that this is affected by oxygen
uptake by internal oxidation and thus does not represent a direct correlation with chromia
growth kinetics. Figure 41 shows BSE images of the oxide scales with lower magnification to

provide a better overview especially over the internal oxidation zone.

49



*Scale surface

100 -
* e, . Nl
cr
Fe
10 ==
N A
a-? ¢ +
E; et e, ..
E O st e .
2 1 — e
E i . . .
5
o
5
o /\\\ M
0.1 N
0.01 T T T T T T T
0 20 40 60 80 100 120 140

Sputtertime (s)

Figure 38: GDOES depth profiles of alloy 602 CA exposed in Ar-20%02-7%H20 at
900°C for 72 h
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Figure 39: Metallographic cross section (BSE images) of alloy 602 CA after isothermal
oxidation at 1000°C in Ar-7%H:0, Ar-4%H:-7%H:0 and Ar-20%02-7%H20 for 72 h.
Results are compared with those for a specimen exposed in Ar-20%0:2
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Figure 40: Metallographic cross sections (BSE images) of alloy 602 CA after isothermal
oxidation at 1100°C in Ar-7%H20, Ar-4%H2-7%H:0 and Ar-20%O02-7%H:0 for 72 h.
Results are compared with those for a specimen exposed in Ar-20%0:2
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Figure 41: Metallographic cross sections (BSE images) of alloy 602 CA after isothermal
oxidation at 1100°C in Ar-7%H20, Ar-4%H2-7%H:0 and Ar-20%02-7%H:0 for 72 h.
Results are compared with those for a specimen exposed in Ar-20%0:2
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The detailed SEM/EDX investigations revealed that, in spite of relatively small
concentrations of manganese (0.05 at.-%) and titanium (0.16 at.-%) in the alloy, these
elements are enriched on top of the chromia scales, as confirmed by the GDOES profiles
(Figure 42 - Figure 44). This enrichment is more pronounced in Ar-7%H>0O than in the other
gases, and more pronounced at 1100°C than at 1000°C (Figure 42, Figure 45). The GDOES
depth profiles confirm that the observed enrichments in the scale correlate well with the
extent of depletion of the two elements in the sub-scale zone in the alloy matrix (Figure 42 -
Figure 44). Increasing the oxidation temperature from 1000°C to 1100°C increases
predominantly the concentration of titanium on the oxide surfaces up to 3 at.% and 10 at.%
for specimens exposed in Ar-20%02-7%H>0 and Ar-7%H>0 respectively (Figure 42, Figure
44). Furthermore, the GDOES analyses show the presence of titanium in the inner part of the
Cr20s scale (Figure 42 - Figure 44). The effect is more pronounced after oxidation in Ar-
20%02-7%H,0 than in Ar-7%H>0. The EDX-mapping performed on the cross section of the
specimens oxidized in Ar-20%02-7% H2O confirms the presence of titanium within the Cr2O3

scale (Figure 46, Figure 47).
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Figure 42: GDOES depth profiles of Alloy 602 CA exposed in Ar-7%H20 at 1100°C for
72 h
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Figure 43: GDOES depth profiles of Alloy 602 CA exposed in Ar-4%H:-7%H20 at
1100°C for 72 h
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Figure 44: GDOES depth profiles of Alloy 602 CA exposed in Ar-20%0:2-7%H20 at
1100°C for 72 h
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Figure 45: GDOES depth profiles of Alloy 602 CA exposed in Ar-7%H20 at 1000°C for
72 h
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Figure 46: BSE image and X-ray-mapping of alloy 602 CA after isothermal oxidation at
1100°C in Ar-20%0:2-7%H:20 for 72 h
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Figure 47: BSE image and X-ray-mapping of alloy 602 CA after isothermal oxidation at
1100°C in Ar-7%H:0 for 72 h

In spite of the relatively high concentration of titanium in the outer parts of the oxide scales it
was not possible to unequivocally identify by SEM or XRD the type of titanium rich phase.
Micro-Raman spectroscopy measurements (Figure 48) of the specimen oxidized in Ar-
7%H>0 at 1100°C confirm the presence of Cr203, MnCr20O4 and a phase which is probably
rutile (TiO2) with disordered crystallographic structure. Figure 10 shows that in all test gases
the pOx is sufficiently high for TiO> to be formed.
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Figure 48: Raman spectra of two areas on the oxide surface on alloy 602 CA after
isothermal oxidation in Ar-7%H:0 at 1100°C for 72 h
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6.1.2.3 Internal Oxidation and Carbide Depleted Zones

When an external chromia scale is formed, in all cases an internal oxidation zone (I0Z)
containing Al,O; precipitates is present. Table 4 shows that the average widths of the 10Z
increases with increasing oxidation temperature in all investigated test gases. Furthermore, the
morphology of the internal alumina precipitates changes with oxidation temperature and
environment. The internal oxide particles, in most cases, increase in size with increasing

distance from the scale-alloy interface, in agreement with previous observations [31, 81].

The internal alumina precipitates formed have predominantly a needle- or plate-like shape,
elongated perpendicular to the specimen surface (see Figure 37, Figure 39 - Figure 41);
although Figure 39 indicates that at 1000°C the precipitates seem to grow more parallel to the

specimen surface.

The composition of the oxidizing environment has much less effect on the width and
morphology of the IOZ than does temperature. At a given temperature the depths of the
internal oxidation zones were similar in all four test environments. Figure 40 indicates that the
coarsening of the precipitates in the vicinity of the I0Z/alloy interface is less pronounced in

Ar-20%0, than in the other three environments.

Depths (um)
10z CFZ
Atmosphere 900°C 1000°C 1100°C 900°C 1000°C 1100°C
Ar-7%H,0 5.0 12.5 24.4 3.7 17.0 72.0
Ar-4%H,-7%H,0 54 12.44 26 4.0 16.5 71.5
Ar-20%0,-7%H.0 0 9.8 333 3.9 11.1 84.9

Table 4: Average depths of internal oxidation zone (I0Z) and carbide free zone (CFZ) of
alloy 602 CA after oxidation in Ar-7%H20, Ar-4%H2-7%H:20, and Ar-20%02-7%H:20
at 900-1100°C for 72 h measured with analySIS Pro

It is interesting to note that formation of an external chromia layer accompanied by internal
alumina precipitates results in a depletion profile of aluminum in the metallic matrix whereas
no significant subscale Cr concentration depletion profile is observed (Figure 42 - Figure 44).
EDX analyses revealed that, as expected, the alloy matrix in the zone of internal oxidation is
almost completely depleted of aluminum (Figure 49, Figure 50). This has the result that the
aluminum concentration in the metallic matrix in the direct vicinity of the chromia scale is
virtually zero but the chromium concentration remains at a level of 22.5 wt.-%, i.e. only
slightly lower than the original value of 23.6 wt.-%. Also of interest is that the metallic
protrusions in the oxide scale, which are surrounded to a large extent by Cr;0s, exhibit

virtually no depletion of chromium. Its content measured by EDX analysis is 23.7 wt.-%.
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As indicated in the experimental section, the microstructure of alloy 602 CA shows a
substantial amount of evenly distributed Cr23Cs precipitates in the as-received microstructure
(Figure 25). Formation of an external chromia scale at 900°C and above results not only in
formation of an I0OZ but also in formation of a carbide free region (CFZ) in the subscale zone
(Figure 37). Table 4 shows the average depths of the CFZ measured in the investigated
samples. Figure 37, Figure 39, Figure 40 and Table 4 illustrate that the width of the CFZ
increases with increasing oxidation temperature but seems not to be substantially affected by
the used test gas. The depth of the aluminum depleted zone (see Figure 50) correlates well
with the depth of the CFZ. In the region where chromium carbides are still present, the

aluminum concentration is close to the bulk concentration of 2.4 wt.-%.
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Figure 49: BSE image showing metallographic cross section of alloy 602 CA exposed in
Ar-7%H20 at 1000°C for 72 h. Points 1 — 20 illustrate locations of EDX point analyses
given in Figure 50
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Figure 50: Element concentrations measured in alloy matrix by EDX at points marked
in Figure 49 (Specimen of alloy 602 CA after oxidation in Ar-7%H:0 at 1000°C for 72
h)

6.1.3 Discussion of the Behavior in Ar-20%0: and H:>O-
Containing Gases

6.1.3.1 External Chromia Scale Formation in Different

Environments
The experimental results have shown that alloy 602 CA oxidized at 800°C and to some extent
at 900°C forms external alumina scales. At higher temperatures however, an external chromia
scale is formed accompanied by formation of a carbide depleted region and an internal
oxidation zone. The chromia scales grown at 1000 and 1100°C in the low pO2 gases Ar-H,O
and Ar-H>-H>O are more compact and “crack free” than those formed in Ar-O2(H20) (Figure
39, Figure 40). This is in agreement with results from Zurek et al [82] comparing the behavior
of a binary Ni-25%Cr alloy in Ar-20%0> and Ar-4%H>-7%H20. The authors attributed the
greater compactness and better adherence of the scales formed in the low-pO> gas to a
substantial contribution of inward oxygen grain boundary diffusion to the overall scale growth
process and to formation of so-called H>O/H» bridges. The inward growth in combination
with H>O/H> bridges within in-scales voids prevents vacancy condensation and void growth at

the scale/alloy interface, which occurs in high-pO2 gases [82].

The present results showed that the chromia growth rates were higher in the low pO, gases

than in the oxygen rich gases (Figure 40). This is in qualitative agreement with findings from
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binary Ni-Cr model alloys during exposure in Ar-H>O or Ar-H>-H>O and Ar-O»(-H:20) [82,
83]. However, the differences in chromia growth rates in the prevailing experiments were
substantially smaller than those reported in the literature for Ni-Cr alloys. For instance, the
thickness of the chromia scales formed on a Ni-25 wt.% Cr model alloy during 72 h
isothermal oxidation at 1050°C in Ar-7%H20 and Ar-20%0O: were approx. 20 pm and 4 pm,
respectively [83], whereas the chromia scale thicknesses in the present studies at 1100°C only
varied from approximately 10 to 12 um. This may be related to the fact that in the case of
Alloy 602 CA the external chromia scale growth is affected by the internal oxidation of
aluminum. The volume increase accompanying the extensive internal oxidation has the result,
that protrusions of Al depleted alloy are pushed outward and are visible as metal protrusions
in the external chromia scale, as described in previous publications (see e.g. [84]). Outwardly
protruding alloy nodules will cause micro damage of the scale. This has as result that the scale
growth process will not solely be governed by solid state diffusion processes in the scale but
additionally to some extent by molecular gas transport. As the latter will occur in all test
gases, the effect of gas composition on the growth rate of the external chromia on Alloy 602
CA is qualitatively similar to that found for a model alloy Ni-25 wt.% Cr but the effects are

less pronounced.

It is interesting that for alloy 602 CA the growth of the external chromia scales does not result
in steep chromium depletion profiles in the subscale regions (Figure 50), in contrast to
numerous findings for other NiCr base alloys [82, 84]. For instance, the exposure of a Ni-25
wt.-%Cr model alloy in laboratory air at 1100°C for 100 h results in a chromium
concentration at the scale-alloy interface which is 7 wt.-% lower than the original value [84].
In reference [84] it was illustrated that the flat subscale chromium profiles in Alloy 602 CA
are related to the thermodynamic interaction of aluminum and chromium in the nickel matrix.
They result from the enhanced chromium diffusion in the aluminum-depleted zone as caused
by the internal oxidation of aluminum. The subscale alumina precipitation creates aluminum
depletion in a zone deeper into the alloy. Due to the thermodynamic interaction of aluminum
and chromium in the y-Ni matrix [34, 84] this provides an additional driving force for
chromium to diffuse from the bulk alloy towards the surface. From the flat concentration
chromium profile in the metal matrix it may not be concluded that no chromium depletion
occurred. As illustrated by Pillai et al [85] a substantial amount of chromium in the bulk alloy
is tied up in chromium-rich carbides due to the relatively high carbon content of the material
(Table 3). The EDX data (Figure 50) relate to point analyses in the y-Ni matrix without any
Cr-carbides measured and therefore do not take into account the chromium tied up in
carbides. The flat chromium profiles measured by EDX thus give the erroneous impression
that no chromium is consumed by formation of the external chromia scale, but in fact Cr-
carbide dissolution in the CFZ compensates chromium consumption by chromia scale

formation.

59



6.1.3.2 Incorporation of Titanium into Chromia Scales

As shown in section 3.1 titanium is present in the alloy in relatively small amounts (0.16 at.-
%) but exhibits a substantial enrichment on the surface of the chromia scale. The effect was
reported previously by various authors [86, 87, 88, 89]. The driving force for titanium
diffusion in chromia scales is the oxygen activity gradient between the metal/scale and
scale/gas interfaces [86]. Thus, titanium diffusion and, as a result, titanium enrichment is
expected to increase with increasing pO: in the surrounding gas. The present results
demonstrate that the effect exhibits an apparent maximum for the atmosphere with
intermediate oxygen partial pressure (Ar-7%H20). This finding is in good agreement with
results from Essuman et al [90] for a Ni-Cr base oxide dispersion strengthened (ODS) alloy.
The authors discussed two possible mechanisms resulting in the observed atmosphere
dependent titanium distribution. The more likely mechanism seems to be a pO2 dependent

solubility of titanium in chromia [91].

Holt and Kofstad [92] showed that in a pO2 region corresponding approximately to the
equilibrium oxygen partial pressure in Ar-7%H>0 the electrical conductivity of titanium-
doped chromia as well as the titanium solubility in Cr2O3 exhibits a local minimum. They
proposed two different mechanisms of titanium dissolution in Cr,0s. At low pO2 (< 107 bar)
the amount of titanium dissolved in chromia decreases with increasing pO2, whereas at higher
pO: values (> 10" bar) increasing pO; results in increasing titanium solubility. Therefore, the
most pronounced titanium enrichment, formed in Ar-7%H>0, may result from the combined
large pO> gradient and low titanium solubility in the outer part of the chromia scale. Since the
diffusing titanium cannot remain dissolved in the outer part of the chromia scale it precipitates
in the form of a titanium enriched oxide layer on the scale surface. The titanium enrichment
formed in Ar-4%H%-7H>O is less pronounced due to a lower pO> gradient and higher
solubility of titanium in chromia [92]. In the high pO2 gas Ar-20%02-7%H>0 the solubility of
titanium in the inner chromia increases again, so that outwardly diffusing titanium stays
partially dissolved in chromia. This explanation is confirmed by the results of the GDOES
(Figure 42 - Figure 44) and SEM/EDX measurements (Figure 40), where the highest
concentration of titanium within the chromia scale at 1100°C was measured for the specimen
oxidized in Ar-20%02-7%H20 gas.

6.1.3.3 External Alumina Scale Formation

Due to its relatively low aluminum content of only 2.5 wt.% Alloy 602 CA is expected to be a
“marginal alumina former” [31]. This indicates that formation of a protective outer alumina
scale on the alloy surface is likely affected by factors such as temperature, time, test
environment and/or surface treatment. This is probably the reason that literature data about
the type of external scale formation of Alloy 602 CA in the temperature range relevant to the

present studies, are contradictory (Table 5).
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In the present studies alloy 602 CA was found to form an external alumina scale for at least
72 h of oxidation at 800°C in all test gases used (Figure 31). Increasing the oxidation
temperature to 900°C resulted in (partial) replacement of the external alumina by external
chromia in the case of specimen oxidized in Ar-7%H20 and Ar-4%H>-7%H>0 atmospheres
(Figure 37).

When mentioning that external alumina formation occurred at 800°C, it should be born in
mind, that the alumina is present at the scale / alloy interface (see e. g. Figure 31) but is
covered with Ni- and Cr-rich oxide originating from the transient stages of oxidation (Figure
31) [25]. An exception to this sequence was the specimen exposed at 800°C in Ar-4%H>-
7%H:0. For that specimen finely distributed metallic nickel particles were found in the outer
part of the scale. A similar type of nickel particle morphology on top of the oxide scale was
previously observed when a NiCr(Al) base alloy was first oxidized in air and subsequently in
Ar-H»-H>O [93]. The initially formed outer NiCr-base spinel then changed into Cr,O3 and
finely distributed nickel particles. In the present case formation of the nickel particles would
be theoretically possible if during specimen heating initially a mixed Ni-containing oxide
would form which becomes unstable at or near the actual oxidation temperature of 800°C.
This seems, however, to be unlikely considering the temperature dependence of the
equilibrium pOz in Ar-4%H»>-7%H>0 and that of the dissociation pressures for the various
oxides (Figure 10). A further possibility would be that in the very early stages of oxidation,
aluminum oxidizes initially internally and starts to form after this step a closed layer near the
interface between inner oxidation zone and alloy. This means that the metallic regions
between the initially formed internal oxide precipitates are no longer in contact with the
metallic matrix. The chromium and nickel in the metallic regions will thus completely oxidize
forming Cr- and Ni-rich oxides if the oxygen partial pressure in the gas is sufficiently high.
However, in Ar-4%H»-7%H20 this process can only result in Cr-oxidation leaving the
remaining nickel unaffected. Further studies are necessary to verify whether this mechanism

is correct.

The papers quoted in Table 5 give no clear indications regarding influence of atmosphere
and/or temperature on formation of external scales on alloy 602 CA. Giggins and Pettit [33]
performed isothermal experiments on model Ni-Cr-Al alloys in static oxygen between 1000
and 1200°C. The authors used 600 grit ground specimens of 0.13 mm thickness in their
experiments. According to the classification in [33] alloy 602 CA (when considering it as an
alloy merely containing Ni.Cr and Al) is a borderline case, changing between external
chromia and alumina formation. The classical paper by Giggins and Pettit [33], however,

gives no information regarding the oxidation behavior of Ni-Cr-Al alloys below 1000°C.
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Surface Temperature Time Type of oxide
Source Test type Gas
treatment °C) (h) scale
Brill
Discontinuous | Ground P120 750 - 1200 Air 1000 Alumina
[94]
Joshi U
. . p to .
Isothermal 1pum polished 700 - 900 Air Chromia
24
[96]
Pillai ‘ N»-0,-COx- | Upto .
Isothermal As received 977 - 996 Chromia
H,O 5470
[86]
Stanislowski
Ground . .
Isothermal 800 Air + 1.8H,0 500 Alumina
P1200
[95]
Stanislowski Ground . .
Isothermal 1200 Air 24 Chromia
P1200
[97]
Chyrkin . . Ground . Up to .
Discontinuous 1000 - 1200 Lab. air Chromia
P1200 1000
[84]
Teneva- CO-COs-N,-
Kosseva Burner Rig Not defined Up to 1000 NOx-0,-H,0- 50 Chromia
[98] S0,-SO3
Ackerman . Combustion Up to .
Burner Rig Not defined 1000 Chromia
[87] gas 3000

Table S: Scale formation on alloy 602 CA as reported in the literature [84, 86, 94, 95, 96,

97, 98]

Kvernes and Kofstad investigated several Ni-(4-14)%Cr-(2.5-9)%Al alloys at temperatures

between 800 and 1300°C in 1 atm oxygen or air [99]. The conclusion of their work was that

increasing oxidation temperature generally favors external alumina scale formation. The

authors pointed out that the temperature region of transition from internal to external alumina

is placed between 1000 and 1200°C. This statement seems to be in contradiction to the

present results, which clearly show that external alumina formation is favored at lower

temperatures in the case of alloy 602 CA.

When discussing conditions for external (alumina) scale formation, many authors use the

expressions defined by Wagner [57], shown in chapter 4.3.3. For external alumina formation

on an aluminum containing alloy, equation (44) can be written as:
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1
* mwz‘lﬂoy XN(S) xD >
N;],) _ 8 410, ATO 0 o (52)
3)4/”1 1.5 XDAI
Oxide
o, = Critical value of the volume fraction of AlO15 (g, = f (mei/l@) [65])
D, = Al diffusion coefficient [cm?s] (Rigorously, the interdiffusion coefficient

should be used here but it is nearly equal to the intrinsic diffusivity because of the low Al

concentration)

Equation (52) was derived assuming that only one reactive metallic element (here Al) is
dissolved in an inert (non oxidizing) metallic matrix. This condition is not obeyed for the
investigated alloy 602 CA, since virtually all elements present in the alloy matrix might be
oxidized in the used test gases, with the exception of nickel in Ar-4%H,-7%H>0 (Figure 10).
In spite of this limitation, equation (52) may be used for qualitative approximation of the
temperature and pO2 dependence of Na" for known temperature dependencies of Do, Dai

and No, the latter additionally depending on pO> [60]. The critical volume fraction of the

oxide giwli can be calculated according to equation (45). For a rough estimation of Na( in

the present work the critical volume fraction of the oxide g;‘:loIi is set to 0.3, as described in

chapter 4.3.3.

For binary Ni-Al alloys Nesbitt [60] calculated values for Na" using values for the
diffusivities Do and Dai from references [31, 63]. The oxygen solubility values No were
calculated according to the procedure described in chapter 4.3.2.2. The author distinguished
between the case when oxidation occurred in a gas with an equilibrium oxygen partial
pressure lower as well as higher than the dissociation pressure of NiO. In the latter case he
calculated No using Sievert’s law on the basis of the equilibrium partial pressure of oxygen
prevailing at the scale/alloy interface. The author found for Na" values of 0.07 - 0.09
whereby the mole fractions were found to decrease with increasing temperature. In gases, in
which no external NiO could be formed, a pO2 dependence of Na(" by using Sievert’s law

was found in qualitative agreement with equation (52) [60].

For alloy 602 CA, however, the external alumina formation is not competing with external
NiO but with Cr203, as illustrated by the numerous metallographic cross sections (see e.g.
Figure 37, Figure 39 and Figure 40). The value of No should thus be governed by the
dissociation pressure of chromia in equilibrium with the chromium activity at the
chromia/alloy interface at the respective temperature. The oxygen partial pressure of the gas

phase should thus have no direct effect on Na") as long as it does not substantially affect the
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scale growth rate and thus the subscale chromium depletion. Na/) is affected by the
dissociation pressure of Cr.O3. As this is e.g. at 1000°C approximately 10 - 12 orders of
magnitude (depending on element activities and exact subscale chromium depletion) smaller
than that of nickel oxide, application of Sieverts law reveals that the value of Na(" should be
a few orders of magnitude smaller than in case of binary Ni-Al alloys. Calculations revealed
for the investigated temperature range 800-1100°C values of Na(! in the range 0.00011 and
0.00033, which is equal to 0.011 and 0.033 at.-% Al. This limit for the transition from internal
to external Al,O3 formation is clearly exceeded by the Al concentration of alloy 602 CA (4.9
at.-%) and should thus at all studied temperatures in all used test gases result in external

alumina scale formation.

The fact that this is apparently not the case, might find its cause in the second criterion
defined by Wagner, i.e. the condition for maintaining the growth of an existing external A1,O3
scale, described in chapter 4.3.4. The corresponding equation (51) can be adapted for the

maintenance of an external Al,O3 according to:

1
N = tu " [ F (53)
=y w0,

The temperature dependent value Daj can be calculated from reference [31, 63]. The oxidation
rate of the respective ALOs scale ky is dependent on temperature and the type of ALO;
formed. To determine the possible range of Nai® typical oxidation rates of metastable- and
stable a-Al,0O3 on NiCrAl alloys [48] are used for calculations similar to the work of Gheno et
al [100]. Figure 51 shows the calculated values of Nai® as a function of temperature for both
Al,Os-types compared with the bulk Al concentration of alloy 602 CA. The used values are
given in Table 6. Due to inaccuracies arising from the uncertainties in estimation of the
inserted values, the fact that equation (53) was determined for a binary alloy [56] and a-Al>O3
growth frequently obeys subparabolic kinetics [69], calculation of Na®@ (Figure 51) gives
approximated values rather than exact numbers. However, as the calculation revealed values
in the same range as the calculations of Gheno et al [100] and as the differences between

N -values for 0- and a-Al>Os3 and the Al concentration in the alloy differ by a factor of 1.6-

2 at 1100°C and 2-5 at 800°C the following order for the present experiments is assumed to
be correct:

NG (60— 41,0,)> N ,,(602C4)> N (a — A1,0,) (54)
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Figure 51: Nai® values for alloy 602 CA as a function of temperature calculated
according to equation (53)

Temperature °C 800 | 900 ‘ 1000 ‘ 1100
Vv r:‘*B cm?/ mol 6.93
V”:“Ol s cm?/ mol 12.81
kp (0-Al203) cm?/s 2.4E-17 | 7.1E-16 | 1.3E-14 | 1.7E-13
kp (0-AL203) cm?/s 6.7E-15 | 6.9E-14 | 5.0E-13 | 2.6E-12
D, cm?/s 2.2E-13 | 2.7E-12 | 2.2E-11 | 1.3E-10
N (0-Al,0s) | Mole fraction | 0.0071 | 0.0111 | 0.0169 | 0.0245
N@ (0-Al,03) | Mole fraction | 0.0969 | 0.0901 | 0.0851 | 0.0799

Table 6: Values used for the calculation of Nai® according to equation (53) and
displayed in Figure 51 [31, 33, 63]

The transformation from 6-ALO; to 0-ALO; is reported to accelerate with increasing
exposure temperature [31]. On NiAl 0-ALO; is reported to persist for more than 100 h at
800°C [31]. This was in the present studies not found to occur in the case of alloy 602 CA,;
after 72 h exposure at 800°C the material forms mainly a-Al,O3 (Figure 36).
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As the material is covered by an external Al,Os scale at this temperature (Figure 31),
according to the calculations of Na®, 0-ALO; seems to be the phase governing the
maintenance of the external scale after 72 h exposure at 800°C. From the assumption that the
rate of transformation from 0-Al,03 to a-Al,O3 increases with increasing temperature, after 72
h exposure at higher temperatures (>800°C) the amount of a-Al>Oj3 increases. Thus, after 72 h
exposure 0-Al203 seems to govern the scale maintenance in the whole investigated
temperature range (800-1100°C). In that case the ratio between K, and Dai should be very
small and no steep aluminum concentration gradient should establish beneath an existing
external alumina scale. This is in agreement with the GDOES data for the 800°C specimens
(Figure 33, Figure 34). It also agrees with results from Chyrkin et al [36] related to studies on
alloy 214 with a substantially higher aluminum content (4.5 wt.-%) than alloy 602 CA. In the
temperature range 1100-1200°C the alloy 214 exhibited external alumina formation after a
period of transient oxidation. The aluminum depletion profiles beneath the surface scales
appeared to be virtually flat, clearly showing that the ratio K, / Dai is extremely small and

thus in the case of a-alumina formation equation (53) seems to be always fulfilled.

In addition, the fact that the actually observed value for Na! strongly differs from that
calculated on the basis of the above-mentioned calculations may find its cause in the fact that
for the prevailing case, in the Wagner treatment leading to equation (52), a number of

experimentally observed facts are neglected:

- Equation (52) does not take into account interface recession as a result of the external
chromia scale growth

- The formation of metallic protrusions in the chromia scale due to volume increase
resulting from internal Al,O3 formation is neglected

- Oxygen and aluminum diffusion are assumed to occur in a single phase matrix without the

presence of grain boundaries or other interfaces

Consequently, the limiting factor regarding the question whether aluminum oxidizes

externally or internally seems to be Nai".

In reference [101] it was shown that the interfaces between the metallic matrix and the
internal oxide precipitates act as rapid diffusion paths for oxygen. This has the result that,
especially in case of rod like precipitates arranged perpendicular to the alloy surface, oxygen
permeability may be substantially larger than the values calculated assuming only bulk alloy
diffusion. This seems a likely explanation for the fact that the real value of Na(" is, at
temperatures of 900 — 1100°C, larger than the actual mole fraction of aluminum in alloy 602

CA. Based on the treatments in the literature, it is, as far as known to the authors, hardly
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possible to estimate a temperature dependent permeability to explain the experimentally

observed temperature dependence of external alumina scale formation.

A further factor, which is not considered in deriving equation (52), is that diffusion of
aluminum in the alloy matrix is affected by the presence of alloy grain boundaries. It has
frequently been found, that in the temperature range considered, the diffusivities of metallic
elements along alloy grain boundaries are substantially larger than in the bulk alloy grains.
This effect is e.g. the reason that external scale formation is promoted by fine alloy grain size
and/or introducing cold work in the specimen surface [102]. The latter results in an increased
number of grain boundaries and dislocations, which act as rapid diffusion paths for the scale
forming elements in the alloy. In fact, grain boundaries in the alloy also promote transport of
oxygen but it is well established that the difference between grain and grain boundary
transport is less pronounced for interstitially dissolved elements. The specimens in the present
study were ground prior to oxidation testing. It is well established that this surface treatment
is sufficient to produce a surface layer in the pm range [103] in which an increased density of
grain boundaries and dislocations are formed. These may be able to enhance diffusion of the

scale forming element to such an extent that external scale formation may be obtained.

To check this hypothesis, two alloy 602 CA specimens were prepared for 24 h TGA tests in
Ar-20%0: at 800°C. One specimen was p1200 grit ground, as in the previous experiments,
the other was prepared to a mirror like surface using diamond paste. Figure 52 shows that the
area specific weight gain of the ground specimen is in very good agreement with the data
shown in Figure 29; the weight gains after 24 h are 0.052 mg/cm? and 0.047 mg/cm?
respectively, illustrating the reproducibility of the results. The weight gain of the polished
specimen is substantially larger than that of the ground specimen after 24 h oxidation at
800°C, i.e. 0.096 mg/cm? Figure 53 compares metallographic cross sections of the diamond
polished specimen and the p1200 grit ground specimen. The latter exhibits external alumina
scale formation as found for the oxidation tests in the various test gases at 800°C described in
the previous sections (Figure 29). However, the specimen, which was diamond polished prior
to exposure, exhibits a scale morphology which is typical of that observed at the higher
temperatures in the previous sections: aluminum is internally oxidized accompanied by

outwardly moved metallic protrusions which are covered by a chromia scale.

An etched metallographic cross section of the ground specimen clearly reveals even after 72h
exposure at 800°C, formation of a thin near surface zone (approx. 10 um wide) in which the
grain size is substantially smaller than in the bulk material (Figure 25, Figure 54). These
observations strongly indicate that the external alumina scale formation at 800°C described in
the previous sections is affected by the surface treatment. The latter will also affect the

behavior at the higher temperatures. However, recovery and recrystallization are known to
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accelerate with increasing temperature [104]. Therefore it seems likely that the beneficial
effect of the cold work introduced by grinding will rapidly vanish upon heating the specimen
to oxidation temperatures in the range 900 — 1100°C as the time required to alleviate the
effect decreases with increasing temperature [102]. If the temperature dependence of the
effect of cold work introduced by specimen grinding is a crucial effect for the observed
temperature dependence of protective alumina scale formation, it explains why hardly any
effect of gas composition on this temperature dependence was observed. Even when changing
the equilibrium oxygen partial pressure of the gas by approximately 15 orders of magnitude
(upon changing from Ar-O2(H20) to Ar-H>-H20), hardly any effect on external alumina scale
formation was found. This strongly indicates that the pronounced effect of gas composition on
external alumina scale formation in the case of NiCrAl alloys e.g. described in references [68,
105] is related to the low chromium content (< 10 wt.-%) in the alloys used in the mentioned
studies. In these cases the transient oxide of the more noble element competing with the
external alumina scale formation is NiO and/or nickel-rich mixed oxides. Taking into account
the presence of an external scale of a more noble element has been shown to increase the
critical aluminum content for obtaining external alumina scale Na"’ [60]. Thereby the latter
value increases with increasing growth rate of the external scale formed by the more noble
element, essentially as a result of a decrease of the enrichment of Al in the internal oxidation
zone (I0Z) [106]. As the nickel oxide growth rate is strongly affected by variations in pO2
[83] and presence of water vapor at constant pOz [67], it is understandable that the external
alumina scale formation in low chromium NiCrAl alloys is strongly affected by the exact

composition of the test gas.
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Figure 52: Area specific weight gain during isothermal oxidation of alloy 602 CA in Ar-
20% Oz at 800°C showing effect of surface treatment on oxidation kinetics
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Also in the case of alloy 602 CA external alumina scale formation is competing with
formation of an external scale of a more noble element, here chromium. Thus, variations in
chromia growth rate are expected to affect Nai" in a qualitatively similar manner as described
above for growth rate variations of nickel-rich oxides. However, as discussed in section
6.1.2.1, the observed variation in growth rate in the various gases was small. Because of this
limited variation in growth rate of the external chromia scales, the changes in the values of
Na! due to presence of the external scale of a more noble element (here chromium) have
only a minor effect on the value of Nai"). However, these considerations cannot explain the
formation of an external alumina scale during 900°C oxidation in Ar-20%0,-7%H-0,
whereas in Ar-7%H>0, Ar-4%H>-7%H>O and Ar-20%0> the material mainly exhibits
external Cr2Os3 at this temperature. An effect which is well known to occur in Ar-O2-H>O to a
much larger extent than in the other gases is the formation of volatile chromium oxy-
hydroxide [107, 108]. Under the same experimental conditions, i.e. gas flow rate, as used in
the present studies, Michalik et al [109] observed for pure chromia scales at 1000°C in air
with 7%H0 a volatilization rate of 2-10~* mg-cm™-h™!. Extrapolation of the data reveals for
800°C a value of approximately 4-10* mg-cm™-h™!. In reference [110] it was found that in air
with 3%H>0 and a flow rate of 5 cm?/s a temperature increase from 850°C to 950°C increased
the evaporation rate of alloy 602 CA approximately by a factor of five. Whether this increased
chromium evaporation promotes external Al,O3 formation is, as far as known by the authors,
not clearly apparent from other studies. Further investigations are necessary to estimate

whether this is indeed the case.

Mounting

AlLO,

Cr-Carbide
Cr-Carbide
2pm 2jam

Figure 53: Metallographic cross section (BSE image) of alloy 602 CA after isothermal
oxidation at 800°C in Ar-20%O: for 24 h. a) specimen ground (b) diamond polished
prior to exposure
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Figure 54: Etched metallographic cross sections of ground alloy 602 CA specimen after
isothermal oxidation at 800°C in Ar-20%O: for 72 h
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6.2 Oxidation Behavior of Haynes 214

The detailed chemical composition of the investigated batch of Haynes 214 is shown in Table
2. The isothermal exposures for 8 h and 72 h were performed in Ar-20%Q; atmosphere at
800, 900, 1000 and 1100°C respectively. For long-term experiments at 800°C and 900°C up
to 1000 h a tube furnace was used for the oxidation tests. In addition, specimens were exposed
for 72 h in different HoO-containing test gases at 800, 900, 1000 and 1100°C. Due to the
higher aluminum content of Haynes 214 compared to Alloy 602 CA, y’-formation is expected
to occur in the envisaged temperature range, which may affect oxide scale formation.
Therefore, in the following section, first results of aging studies for estimating the formation

of y” as a function of time and temperature will be described.

6.2.1 Phase Composition and Microstructure of Haynes 214

Haynes 214 was supplied in the solution annealed condition. The solution annealing was
conducted at 1095°C followed by rapid cooling to room temperature to suppress formation of
v -precipitates [111]. As a consequence, the material can be formed by cold-working. Figure
55 shows the microstructure of as-received Haynes 214. The matrix of Haynes 214 consists of
equiaxed y-Ni grains with an average size of 40 um determined according to DIN EN ISO
643:2003 [112].

Exposure of the alloy at temperatures between 800°C and 1000°C changes the initial alloy
microstructure due to precipitation or dissolution of y’-phase and recrystallization of the y-
matrix [111]. Figure 56 shows BSE images of the cross-sections of Haynes 214 after
annealing for 1 h, 10 h, 100 h and 500 h in static vacuum at 800°C. Prior to SEM analysis the
specimens were etched (Sml HNO3 + 2 ml HF + 93 ml H>O) to improve the contrast between

v’-precipitates and y-matrix.

After 1 h annealing the y'-precipitates had a diameter smaller than 100 nm and were evenly
distributed within the y-matrix. The size of y -precipitates increases as expected with time so
that after 500 h annealing at 800°C the average diameter is approximately 250 nm. The
microstructure of the specimens annealed for 100 h and 500 h were used for estimation of y’-
phase fraction with AnalysisPro software. The estimated fractions of y” were 34 vol.-% and
29 vol.-% after 100 h and 500 h, respectively. Similar amounts of y’-phase indicate that the
alloy annealed for 100 h is near the equilibrium phase composition. Unfortunately, the size of
v’-precipitates and the spacing were too small to allow EDX measurements of the y-matrix

and y’-precipitates compositions.
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Figure 55: Light microscopy of the cross-section of Haynes 214 in the as-received state
after etching with 5% H2SO4 aqueous solution

Figure 56: Metallographic cross sections (BSE images, etched) of Haynes 214 after
isothermal exposure in vacuum at 8§00°C
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Figure 57 shows the BSE images of the cross-sections of Haynes 214 after annealing for 1 h,
10 h, 100 h and 500 h in static vacuum at 900°C. Increasing the annealing temperature to
900°C reduces significantly the amount of y’-phase formed in the alloy. The fractions of y’
estimated with AnalysisPro were 14 vol.-% and 13 vol.-% after 100 h and 500 h, respectively.
Moreover, coarsening proceeds, as expected, at 900°C faster than at 800°C, resulting in the
formation of a smaller number of larger y -precipitates (compare Figure 56 and Figure 57).
The mean diameter of the y-particles after 500 h exposure at 900°C is with approximately 0.5
pm twice as large as that formed during 800°C exposure. The size of v -precipitates formed at
900°C was still too small to allow quantitative EDX measurements. However, the spacing
between the precipitates was large enough to measure the composition of the y-matrix. Its
composition was 74.5%Ni — 18.1%Cr — 4%Fe — 3.5%Al (wt.-%).

Figure 57: Metallographic cross sections (BSE images, etched) of Haynes 214 after
various times of isothermal exposure in vacuum at 900°C

Figure 58 shows the BSE images of the cross-sections of Haynes 214 after annealing for 1 h,
10 h, 100 h and 500 h in static vacuum at 1000°C. The average size of y -precipitates is
comparable to those found after annealing for 1 h at 900°C. Furthermore, the size and number
of y’-precipitates formed at 1000°C seems to be not affected by annealing time. The same
effect was observed for specimens annealed at 1100°C. This is a strong indication that the y'-

precipitates observed after annealing at 1000°C and 1100°C were formed exclusively during
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cooling but not during high temperature exposure. After exposure all specimens were cooled

in a water bath.

Figure
various times of isothermal exposure in vacuum at 1000°C; specimens were water cooled
after the isothermal exposure

6.2.2 Oxidation Behavior in Ar-20%0:
6.2.2.1 Oxidation Kinetics

Figure 59 shows the area specific weight gains of Haynes 214 during isothermal exposure at
800°C, 900°C, 1000°C and 1100°C in Ar-20%0O: for 72 h (see section 5.3). The oxidation
kinetics of the material exposed at the four test temperatures could not be described using the
classical parabolic rate description, shown in equation (17). Therefore Figure 60 shows the
instantaneous, apparent parabolic rate constant as function of time, calculated using the
procedure described in reference [113, 114]. The curves do not exhibit values which are
steadily decreasing with increasing exposure time, as frequently observed for alumina
forming FeCrAl alloys [69]. Sudden changes in time dependence of the apparent ky-values,
occurring during exposure, indicate a change in oxidation mechanisms. This behavior was
found for all test temperatures, but especially at 900°C and 1000°C. The rapid decrease in
apparent ky-values by about three orders of magnitude was observed in the first 1 — 3 h of

exposure in all oxidation experiments. After that time the apparent ky-values for the specimen
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oxidized at 1100°C virtually stabilize on a level of approximately 2-10"3 gZem™s!. For
specimens oxidized at 900°C and 1000°C the apparent kw-values after the initial stages
increase with prolonged exposure time to reach a local maximum. The time required to reach
these local maxima was approximately 3 h for the specimen oxidized at 1000°C and 20 h for
the specimen oxidized at 900°C. For the specimen oxidized at 800°C such a relative
maximum was not observed during the 72 h TGA experiment. To overcome possible time
limitations of the TGA experiments two additional 1000 h discontinuous oxidation tests were
performed. Figure 61 shows the area specific weight gains during discontinuous exposure at
800°C and 900°C in Ar-20%0> compared with the 72 h TGA results. The discontinuously
recorded weight changes fit reasonable well with these from respective isothermal TGA
experiments. The slope of the 900°C weight change curve shows clearly that the oxidation
rate decreases continuously between 100 h and 300 h of exposure. After this time the weight
change remains virtually constant. In contrast, the 800°C curve shows an increase of the
specific weight gain between approximately 200 h and 600 h of exposure. The acceleration of
specific weight gain clearly shows that the apparent ky-values increase in this time period.
The data points between 600 h and 1000 h do not show clearly whether the oxidation rate

increases or remains constant.
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Figure 59: Area specific weight gain during isothermal oxidation of Haynes 214 in Ar-
20%0: at different temperatures
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Figure 60: Time dependence of the instantaneous apparent oxidation rate kw’ of Haynes
214 during isothermal oxidation in Ar-20%O: for 72 h
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Figure 61: Area specific weight gain during discontinuous oxidation tests up to 1000 h
(solid points) compared with TGA results (lines) of Haynes 214 in Ar-20%O0O: at
different temperatures
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6.2.2.2 Oxide Scale Formation

Figure 62 shows the BSE images of the cross-sections of Haynes 214 after 72 h isothermal
oxidation in Ar-20%0; at 800-1100°C. At 800°C the surface is covered by external alumina.
After oxidation at 900°C the mixed oxide contains in addition aluminum, as measured by
EDX-analysis. Optical fluorescence measurements of Cr** ions in alumina were performed in
a number of random locations on the specimen surfaces to obtain more detailed information
about the type of ALOs formed. A typical example of these measurements is shown in Figure
63. The results show that the alumina consisted of a-AlO3 but at 800°C and 900°C
significant amounts of metastable alumina (probably 6-Al,03). (Note that the intensity for a is

approximately ten times larger than that for an equivalent amount of 0 [78]).
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Figure 62: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation in Ar-20%0O: for 72 h

Apart from obvious differences in oxide thicknesses and composition, the oxide scales of the
specimens oxidized for 72 h at 800-1100°C differ in the types of Al,O3; formed (see Figure
63). In contrast to 800°C, 900°C and 1000°C, no 6-Al,03; was found after 72 h oxidation at
1100°C. The positions of the R1 and R2 fluorescence lines for Cr** ions in a-ALO; differ
from those of the stress-free sapphire reference (see Figure 63). This suggests the presence of
residual compressive stresses in the oxide scales formed in the investigated test gases.
According to literature [79], these stresses consist of extrinsic and intrinsic stresses, arising

from a thermal mismatch between oxide scale and alloy during cooling to room temperature
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and oxide growth stresses. Calculating the average in-plane stresses of the alumina-based
scales, using the procedure described in reference [79], shows that the residual stresses
increase with increasing temperature from 2.7 GPa at 800°C to 7.0 GPa at 1100°C. The latter
value is in the same range as the stresses determined for a 45Ni-25Cr-25Fe-5A1 alloy (6.7+0.6
GPa) after oxidation at the same temperature [79].
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Figure 63: Intensity plots of fluorescence of Cr3* of the oxide surfaces of Haynes 214
after isothermal oxidation in Ar-20%O: at different temperatures for 72 h

Beneath mixed oxides scales the formation of internal alumina precipitates was found. Figure
64 shows the BSE images of the cross-sections of Haynes 214 after 8 h, 72 h and 1000 h
oxidation at 800°C in Ar-20%O:. In the specimens oxidized for 8 h and 72 h only a few
locations of internal alumina precipitates were observed. The maximum width of the internal
oxidation zone (I0Z) after 8 h of oxidation does not exceed 0.5 pm. After 72 h exposure the
maximum IOZ width is approximately 1.5 um. The external mixed oxide of both specimens is
Cr-rich with trace amounts of nickel. Extending at 800°C the oxidation time to 1000 h
resulted in expansion of the mixed oxide scale areas (Figure 64). The maximum depth of the
I0Z after 1000 h oxidation at 800°C is about 5 um. Formation of internal aluminum oxides
results in a volume increase. Consequently, the alloy is locally extruded outwards [31]
forming metallic protrusions in the external Cr-rich oxide scales (Figure 64). In the elemental
concentration profiles analyzed by GD-OES (Figure 65) a nickel enrichment in combination

with a decreased oxygen concentration at a sputter time of 23 s corresponds to the in-scale
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metal protrusions. Beneath the IOZ an aluminum concentration of approximately 4.8 at.-% is
measured, which implies an aluminum depletion of 4.1 at.-% (Initial Alloy concentration: 9.0
at.-% Al) in this region. A lack of clear borderlines in the diagram between Cr-rich oxide,

protrusions, internal Al,O3 and alloy arises from lateral inhomogeneity of the oxide scale [82].
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Figure 64: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation in Ar-20%O: at 800°C

Figure 66 shows the BSE images of the cross-sections of Haynes 214 after 8 h, 72 h and 1000
h oxidation at 900°C in Ar-20%O>. The microstructure of the oxide scale formed during 8 h
exposure at 900°C is qualitatively similar to that formed during 72 h oxidation at 800°C
(compare Figure 64 and Figure 66). The main differences are a more pronounced I0Z and the
existence of metallic protrusions in the outer mixed oxide scale. In addition, Al,O;3 starts to
almost completely separate the metallic protrusions from bulk metal after 8 h. Increasing at
900°C the oxidation time to 72 h results in decreasing areas covered by external alumina. In
contrast to 800°C, the material exhibits after 72 h exposure at 900°C a thicker outer oxide
scale containing NiO, Cr-rich oxide and metal protrusions. Furthermore, the internal
aluminum oxides formed during 72 h oxidation at 900°C exhibit two different morphologies
(see Figure 62). The first one consists of needle-like precipitates arranged perpendicular to the
specimen surface. The second morphology is a virtually continuous inner alumina layer close
to the initial specimen surface. After 1000 h oxidation at 900°C the oxide scale consists
exclusively of a continuous inner Al>O; layer and an outer oxide mixture, containing NiO and
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Cr-rich oxide. In contrast to the 72 h exposure, the outer oxide scale contains no metallic
protrusions. This is in agreement with the GD-OES measurement which revealed no Ni
enrichment inside the external oxide scale (Figure 67). The thicknesses of both, external oxide
and internal alumina layer, vary in thickness between 2-5 um and 1-2 pum, respectively. The
10Z present in the specimen oxidized for 72 h is virtually completely vanished after 1000 h
exposure. The aluminum concentration below the IOZ amounts to approximately 7.4 at.-%
(Figure 67), which is 3.3 at.-% higher compared to the specimen oxidized at 800°C (Figure
65).
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Figure 65: GD-OES depth profiles of Haynes 214 after isothermal oxidation in Ar-
20% 02 at 800°C for 1000 h

After oxidation for 8 h and 72 h at 1000°C and 1100°C, respectively, the external oxide scale
is separated from the bulk material by a continuous Al2Os3 scale (Figure 68, Figure 69).
However, after 8 h at 1000°C some internal Al,O3 precipitates were found. After 1100°C
exposure this was not observed. The external scale present after 8 h oxidation at 1000°C
consists of Cr-rich oxide and some NiO randomly distributed in the Cr-rich oxide scale
(Figure 68). The EDX mapping of this specimen (Figure 70, Table 7) shows, apart from the
formation of NiO, also minor amounts of Fe-containing oxide in the external scale.
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Figure 66: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation in Ar-20%O0: at 900°C
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Figure 67: GD-OES depth profiles of Haynes 214 after isothermal oxidation in Ar-
20%02 at 900°C for 1000 h
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Figure 68: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation in Ar-20%O: at 1000°C
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Figure 69: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation in Ar-20%O2 at 1100°C
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Figure 70: EDX mapping of Haynes 214 after isothermal oxidation in Ar-20%0: at
1000°C for 8 h
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Chemical Composition (at.-%)

(0] Mg | Al Cr Fe Ni

545| 05 | 204 | 60 | 0.7 | 17.8

Table 7: Chemical composition (EDX) of the outer single-phase Ni/Cr/Al-mixed oxide
formed on Haynes 214 after isothermal oxidation in Ar-20%0: at 1100°C for 72 h
(compare Figure 69)

6.2.2.3 Formation of Precipitate Free Zone (PFZ)

Formation and growth of the oxide scale affects the microstructure and the composition of the
investigated alloy in the subscale zone. Figure 71 shows a BSE image of the cross-section of
Haynes 214 after discontinuous oxidation for 1000 h at 800°C. The alloy matrix consists of y-
phase and finely distributed y'-precipitates. Beneath the oxide a precipitate free zone (PFZ) is
formed which is minimum 4 pm wide. However, the PFZ differs locally in width and is
significantly larger in the vicinity of grain boundaries. The composition of the points (a) and
(b) in the PFZ (Figure 71), analyzed with EDX, is given in Table 8.

e Crrich Oxide  Metal protrusions ~ Mounting

o -

2um

Figure 71: Metallographic cross section (BSE image) and EDX analysis of Haynes 214
after isothermal oxidation in Ar-20%O0O: at 800°C for 1000 h. Lower left part of the
figure is shown in increased contrast to illustrate y” precipitates, dashed line marks the
boundary between y- and y+y’-zones
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Chemical Composition (at.-%)

Point Al Cr Fe Ni

a 2.1 20.4 4.2 733

b 4.8 19.0 39 72.4

Table 8: Chemical Composition of the points marked in Figure 71 analyzed with EDX

The EDX-Analysis of the points (Table 8) marked in Figure 71 reveal an aluminum depletion
in the PFZ of 2.7 at.-%. Compared to the bulk concentration (8.9 at.-% Al) EDX analysis of
point (b), close to the precipitate containing zone, reveals a total aluminum depletion of 4.1
at.-%, which in good agreement with the value determined by GD-OES (Figure 65). After
1000 h oxidation at 900°C (Figure 72) the PFZ width is increased significantly compared to
that after the same exposure time at 800°C and overall larger than 22 um. In contrast to 1000
h oxidation at 800°C, the EDX-Analysis of the points (a) and (b) (Table 9) marked in Figure
72 indicate that there is no significant depletion of aluminum in the PFZ, as both points reveal

an aluminum concentration of approximately 7.2 at.-%.

1000 h

Cr-rich Oxide

2um

Figure 72: Metallographic cross section (BSE image) and EDX analysis of Haynes 214
after isothermal oxidation in Ar-20%0: at 900°C for 1000 h. Lower left part of the
figure is shown in increased contrast to illustrate y” precipitates, dashed line marks the
boundary between y- and y+y’-zones
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Chemical Composition (at.-%)

Point Al Cr Fe Ni

a 72 17.8 3.5 71.5

b 72 18.0 3.8 71.0

Table 9: Chemical Composition of the points marked in Figure 72 analyzed with EDX

The EDX-Analysis of point (b) (Figure 72), close to the precipitate containing zone, showed a
similar aluminum concentration (7.2 at.-%) as the corresponding GD-OES measurement
(Figure 67, 7.4 at.-%). This results in a total aluminum depletion, compared to the bulk
concentration (8.9 at.-%), of 1.5-1.7 at.-%, which is significantly less compared to the 1000 h
exposure at 800°C (4.1 at.-% depletion, Table 8). In contrast to 1000 h oxidation at 900°C, the
specimen oxidized for 72 h exhibits an aluminum depletion within the PFZ (Figure 73, Table
10). According to the EDX-Analysis this depletion amounts to 1.4 at.-%, whereas the total
aluminum depletion, compared to the bulk concentration (8.9 at.-% Al), is 3 at.-%. The latter
is twice as high as the aluminum depletion after 1000 h at 900°C. Similar to this, the
chromium concentration in the PFZ after 72 h oxidation at 900°C (14.3-14.6 at.-%) is also
lower than after 1000 h oxidation (17.8-18.0 at.-%). After 800°C exposure for 1000 h the
chromium concentration in the PFZ amounts to 19.0-20.4 at.-% and is even higher than after
1000 h oxidation at 900°C.

Cr-Carbide

Figure 73: Metallographic cross section (BSE image) and EDX analysis of Haynes 214
after isothermal oxidation in Ar-20%0O: at 900°C for 72 h. Lower left part of the figure
is shown in increased contrast to illustrate y’ precipitates, dashed line marks the
boundary between y- and y+y’-zones
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Chemical Composition (at.-%)
Point | Al Cr Fe Ni
a 4.5 143 (34 77.8
b 5.9 146 |3.1 76.4

Table 10: Chemical Composition of the points marked in Figure 73 analyzed with EDX

As the bulk alloy after exposure at 1000°C and 1100°C did not exhibit detectable amounts of
y'-precipitates, i. e. the alloy, including the subscale zone, consisted of solely of y-phase, apart
from very minor amounts of carbides. After 72 h oxidation at both temperatures virtually flat
aluminum and chromium concentration profiles were found. However, after 8 h oxidation a
minor aluminum depletion was observed. At 1000°C the total aluminum depletion beneath the
oxide scale was determined by GD-OES to be 2.1 at.-% and 0.8 at.-% at 1100°C. The
minimum aluminum concentrations beneath the oxide layer of the specimens oxidized at 800-

1100°C are summarized in Figure 74.
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Concentration (at.-%)
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Figure 74: Minimum Al concentrations (At.-%) beneath the oxide layer of Haynes 214
after isothermal oxidation in Ar-20%O: at 800-1100°C for up to 1000 h as measured by
GD-OES
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6.2.3 Discussion of the Oxidation Behavior in Ar-20%0:

6.2.3.1 Time and Temperature Dependence of the Oxide Scale

Morphology
Generally, the oxidation tests for different times at 800-1100°C showed that the oxide scale
formation of Haynes 214 is affected by oxidation time and temperature. Some specimens

showed internal precipitation of AlOs;, whereas others exhibited a continuous protective
Al>O3 layer.

The main parts of the specimens oxidized at 800°C for 8 h and 72 h were covered by a
continuous ADO; scale and only a few locations of internal alumina precipitates were
observed. This is in agreement with the observations of Pint et al [115], who found Haynes
214 to be covered by external Al,Os after 100 h oxidation at this temperature in air and air
with 10%H20 (see Table 11). Extending the oxidation time to 1000 h, however, resulted in
the present work in significant propagation of the locations of internal alumina formation.
This results in a volume increase and consequently matrix material is locally extruded
outwards forming protrusions in the external Cr-rich oxide scales (Figure 64). Despite of the
formation of this Cr-rich oxide, the Cr concentration beneath the scale does not exhibit a steep
concentration profile in the subscale regions (Figure 65). A small decrease in chromium
concentration, analyzed by GD-OES, in the I0Z is only related to the formation of Al>,O3
precipitates, which decrease the total amount of bulk material related to the overall volume in
this region (see also EDX point analysis, Figure 71). This finding is contradictory to
numerous findings for other NiCr base alloys [82, 84], which showed a significant chromium
depletion. However, for the NiCrAl base alloy 602 CA a behavior similar to that seen here for
Haynes 214, oxidized at 800°C for 1000 h, was found [84]. It was illustrated that the flat
subscale chromium profiles are related to the thermodynamic interaction of aluminum and
chromium in the nickel matrix. The subscale alumina precipitation creates aluminum
depletion in a zone deeper into the alloy (see Figure 65). Due to the thermodynamic
interaction of aluminum and chromium in the y-Ni matrix, namely a lower aluminum
concentration results in a lower chromium activity [34, 84], this provides an chromium
activity gradient and thus an additional driving force for chromium to diffuse from the bulk
alloy towards the surface [84]. In case of the present studies on Haynes 214, oxidized at
800°C for 1000 h, the enhanced chromium diffusion towards the metallic protrusions
indicates that the protrusions are not separated from the bulk alloy by Al2Os. Furthermore, the
enhanced chromium diffusion seems to hinder the formation of NiO, as the SEM/EDX
(Figure 64) and GD-OES (Figure 65) analysis revealed no significant amounts of this oxide
on the surface.
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An oxide scale morphology, similar to that of the specimen exposed at 800°C for 1000 h, was
found after 8 h oxidation at 900°C (Figure 66). However, the 900°C specimen revealed
already after 8 h formation of a dense AlbOs layer near the interface with the alloy which
seems to almost completely separate the external metallic protrusions from the bulk alloy and
thus prevents the chromium diffusion towards the metallic protrusions. Consequently, after 72
h oxidation at 900°C some of the protrusions are oxidized completely resulting in the
formation of NiO, beside Cr-rich oxide (Figure 66). As a result of NiO formation the
oxidation rate of the material increases and reaches a local maximum at approximately 20 h
(Figure 60), as NiO exhibits a higher oxidation rate than Cr,0O3 and AL,O;3 (Figure 13). Figure
62 shows that there still locations with internal Al,O3 nodules perpendicular to the surface
exist exhibiting a higher amount of non-oxidized metal protrusions and consequently a lower
amount of NiO is present compared to the locations where an inner Al,O3 layer separates
metallic protrusions from the bulk alloy. This illustrates that the transition from internal Al,O;3
precipitation to an Al,Os layer separating external scale and bulk alloy is a continuous
process. Moreover, the laterally growing Al>O3 has partially formed in two depths beneath the
external scale (Figure 62, Figure 66) and it is difficult to determine whether the upper part is
an initially continuous scale or not. However, SEM analysis of the specimen oxidized for
1000 h at 900°C indicates that the inner Al>Os layer separated successfully the external scale
from the bulk alloy, whereas some parts of the former upper Al>O; layer become embedded in
the oxide scale (Figure 66). The external oxide contains hardly any metal protrusions and
significant amounts of NiO are randomly distributed in the Cr-rich oxide. This morphology is
a result of the complete oxidation of the metal protrusions, forming first Cr-rich oxide and,
after separation from the bulk material by the inner alumina, subsequently NiO. The low
weight gain of the specimen oxidized at 900°C (Figure 61) between 300 h and 1000 h
indicates that, from approximately 300 h on the metallic protrusions are oxidized completely
and the oxide growth is solely governed by the growth of a slow-growing continuous Al>O3
layer at the inner scale regions. The theory of different oxidation steps in NiCrAl alloys is

described in section 4.3.1.

Similar to the specimen after 1000 h at 900°C the specimen after 8 h at 1000°C showed a
continuous AlO3 layer resulting in an external scale of Cr-rich oxide and NiO without any
metallic protrusions. However, the metal matrix contains some internal Al,O3 precipitates
beneath the continuous layer. This indicates the presence of an initial stage of internal Al,O;3
formation and external Cr-rich oxide formation, similar to the results of the test at 800°C for
1000 h (Figure 64). Subsequently, the transition from internal Al,Os to a continuous Al>O;
layer, as found after 8 h oxidation at 1000°C (Figure 68), results in an increased oxidation rate
after approximately 3 h (Figure 60) due to NiO formation. This effect was already described
for the oxidation test at 900°C for 72 h. After 72 h exposure at 1000°C the oxidation process
is qualitatively similar to the 1000 h test at 900°C, governed by slow-growing Al>O3, as the
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oxidation rate (Figure 60) is in the typical range for a-Al>O3 formation [25]. This correlates
with results from the literature [36, 115, 116, 117], which showed external Al,O3 and the Ni-
rich oxide formed during the transient stage. The results of the present study revealed the
presence of NiO on top of a single phase Ni/Cr/Al mixed oxide, which might correlate with
the Ni(Cr,Al);0O4 spinel reported in reference [115]. Compared to the results after 8 h, the
incorporated NiO, the Cr-rich oxide and some external Al,Os are probably replaced by this

spinel phase.

After 8 h oxidation at 1100°C the external scale consists of Cr-rich oxide and NiO on top of a
continuous AL O3 layer. In contrast to 1000°C, internal Al,O; precipitates were not observed
after 8 h oxidation. This indicates a faster transition from internal Al2O3 to the formation of a
continuous AlO; layer at the higher temperature. In a similar manner as for the 1000°C
experiments, after 72 h exposure at 1100°C Cr-rich oxide, NiO and some Al>O; are replaced
by a single phase Ni/Cr/Al mixed oxide, which is probably Ni(Cr,Al)204.

Temperature Time Type of oxide
Source Test type Sample type Gas
(°C) (h) scale
Young 0.13 mm thick . Up to | Ni(ALCr),04 and
Isothermal . 1100 - 1200 Air
[36] foils 1000 ext. ALO3
. Foils with
Pint . . . . Up to | Ext. ALO; and
Discontinuous | different 1000 - 1050 Air .
[116] . 6000 Ni-rich scale
thicknesses
Bauccio . . 500,
Burner rig - 980 - 1205 Air Al O3 scale
[117] 1000
Sporer Honeycomb Air Up to | Ext. ALO; and
Isothermal . 1100 - 1200 . .
[118] foils Synth. flue gas | 2600 NiCr,04 spinel
. 100 pm thick | 800 — 900 . Thin AlOs3 scale
Pint . Air .
Isothermal foils, as-rolled . 100 Ni(Cr,Al);O4 and
[115] . 1000 - 1100 Air+10%H,0
surface finish AlLO3
0.127 mm
. . No breakaway
Lai . . foils, pre- . .
Discontinuous L Up to 1250 Air 300 (Protective Al,O3
[119] oxidized (1h,
scale)
1050°C)

Table 11: Scale formation on Haynes 214 as reported in literature [36, 115, 116, 117,
118, 119]

The results thus show that at all four investigated temperatures the time dependent oxidation
processes of Haynes 214 in Ar-20%0:2 seem to be similar, just accelerating with increasing
exposure temperature. Therefore, based on the described effects the following mechanism is

proposed:

1. AlLO; forms internally and produces metal protrusions. Cr-rich oxide is formed on top

of the protrusions
&9



2. Internal Al>O; transforms into continuous layer and separates metal protrusions from
the bulk alloy. Protrusions deplete in Cr due to ongoing Cr-oxide formation and after a
certain extent of depletion Ni starts to oxidize

3. The metal protrusions are oxidized completely resulting in an external scale consisting
of Cr-rich oxide and NiO

4. Cr-rich oxide and NiO react to form a single phase Ni/Cr/Al spinel type mixed oxide
(probably Ni(Cr,Al)204)

After 72 h oxidation at 1100°C the specimen shows step 4 of the proposed mechanism,
whereas the 1000°C and 900°C specimens are exhibiting steps 3 and 2, respectively. After
1000 h exposure at 800°C the oxide scale of Haynes 214 shows the morphology of step 1,
whereby it is unclear whether the material will undergo the other steps at this temperature
during longer time of exposure or not. The formation of external Al,O3 after 8 h and 72 h
cannot be explained by the proposed mechanism. In addition, time and temperature dependent

precipitation of y* (chapter 6.2.1) might cause deviations from the proposed mechanism.

6.2.3.2 Effect of Yy -Precipitation on Oxidation Behavior

The formation of y” affects the Al concentration in the y-matrix and is therefore expected
indirectly to change the oxidation behavior. As rapid cooling during the manufacturing
process is done to minimize precipitation, the amount of y’-precipitates in the as-received
condition is extremely small. Quenching prevents the phase formation which would be
expected according to thermodynamic equilibrium. The phase equilibria of Haynes 214 as
function of temperature can be calculated using ThermoCalc© (Figure 75). The reliability of
the Thermocalc calculations obviously depends on the accuracy of the thermodynamic data in
the used database TTNI7 [120]. The calculation for Haynes 214 shows up to approximately
750°C the presence of <2 at.-% of Cr-rich M23Cs precipitates, which are replaced at higher
temperatures by M7Cs.

At temperatures below approx. 935°C the alloy is expected to contain y’-precipitates; the
amount increases with decreasing temperature. This agrees with observations from the
vacuum exposures at 1000°C (Figure 58), which indicated no y’-formation at this
temperature. The calculations revealed that at approximately 620°C the mole fractions of y’
and y are equal, with about 49 at.-% each (2 at.-% M23Cs). In addition, a changing amount of
v also changes the composition of the y-matrix as a function of temperature (Figure 76). As
the aluminum concentration in y’-(NizAl) (approximately 25 at.-%) is significantly higher
than that in the bulk material (8.9 at.-%), an increasing amount of y” will decrease the
aluminum concentration in the y phase. The compositions of the y-phase in the investigated

temperature range calculated with ThermoCalc© are given in Table 12.
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Figure 75: Mole fractions of phases of Haynes 214 calculated with Thermocalc©
(Database: TTNI7)
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Figure 76: Composition of the y-phase in chemical equilibrium of Haynes 214 calculated
with Thermocalc© (Database: TTNI7). At around 1355°C the solidus temperature and
at 1400°C the liquidus temperature is reached

Chemical Composition (at.-%)

Temperature Ni Cr Al Fe Mn

800°C 70.3 19.0 |6.1 4.4 0.2

900°C 70.8 16.9 8.3 3.8 0.2

1000, 1100°C | 71.0 16.1 9.1 3.6 0.2

Table 12: Chemical composition of the y-phase in Haynes 214 calculated with
ThermoCalc© (Database: TTNI7)
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During high temperature exposure the alloy microstructure may change due to y’-formation or
-dissolution always adjusting to the chemical equilibrium (Figure 75). The formation of a
precipitate free zone (PFZ) below the oxide layer (see chapter 4.3) has as consequence that
the phase in contact to the oxide is solely y. This phenomenon is schematically described by
Young and Gleeson [121]. Consequently, as the y composition is dependent on the amount of
v (Figure 76), the latter will affect also the oxidation behavior of the material. Important to
note is that especially the aluminum concentration in y in chemical equilibrium changes from
6.1 at.-% at 800°C to 9.1 at.-% at 1000°C and 1100°C.

6.2.3.3 Effect of Aging Treatments on Oxidation Behavior

To investigate possible effects of y -precipitation on the oxidation behavior of Haynes 214,
oxidation tests on aged specimens were performed to compare the oxide scale morphologies
with those of the tests on as-received (solution annealed) specimens (see chapter 6.2.1, 6.2.2).
The aging process consisted of 100 h exposure at 800°C in vacuum. This will produce a
volume fraction of y° which is close to the thermodynamic equilibrium value at this
temperature (see chapter 3). The samples were ground to p1200 standard surface finish to

achieve the same surface condition as for the oxidation tests on solution annealed material.

6.2.3.3.1 Oxidation Kinetics of Aged Haynes 214

Figure 77 shows the area specific weight gains of the aged specimens of Haynes 214 during
isothermal exposure in Ar-20%0: at 800-1100°C for 72 h (see section 5.3). The dashed lines
illustrate the weight gains of the as-received specimens of Haynes 214 during oxidation under

the same experimental conditions shown in Figure 59.
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Figure 77: Area specific weight gain during isothermal oxidation of aged Haynes 214 in
Ar-20%0: at different temperatures (dashed lines indicate, for comparison, the weight
changes of the as-received samples, see Figure 59)
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For every test temperature the aged material exhibits a higher weight gain than the solution
annealed material. The instantaneous apparent parabolic oxidation rate constants for the two
specimen types at 800°C show similar time dependence but differ by approximately a factor
of 8 (Figure 78). In contrast to the solution annealed specimen the aged specimen exposed at
900°C shows a different time dependence of kw’ but, after the initial oxidation stage, no
increase in oxidation rate is found (Figure 78). However, the maximum oxidation rate is
similar to that of the solution annealed specimen. During 1000°C exposure the oxidation rate
between 2 h and 9 h is smaller for the aged specimen, whereas in the initial stage (t <2 h) it is
higher (Figure 79). The latter is hard to see from Figure 79, but is apparent from the weight
gain plots (Figure 77). After approximately 20 h exposure the oxidation rates at 1000°C are
similar for both sample types.

After 72 h exposure at 1100°C the aged material exhibits a weight gain which is
approximately 50 % higher than that of the solution annealed material. However, this
difference is only related to the early stages of oxidation because the oxidation rates after
approximately 3-5 h are very similar for both materials (Figure 79). As can be seen from the
thermogravimetric analyses (Figure 78) the oxidation rates at 1000°C and 1100°C in the
initial stage are higher for the aged compared to the as-received specimens.
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Figure 78: Time dependence of the instantaneous apparent oxidation rate kw’ of aged
Haynes 214 during isothermal oxidation at 800-900°C in Ar-20%O:2 for 72 h (dashed
lines indicate, for comparison, the oxidation rates of the samples in the as-received
condition)
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Figure 79: Time dependence of the instantaneous apparent oxidation rate kw’ of aged
Haynes 214 during isothermal oxidation at 1000-1100°C in Ar-20%O: for 72 h (dashed
lines indicate, for comparison, the oxidation rates of the samples in the as-received
condition)

6.2.3.3.2 Oxide Scale Morphology

Figure 80 shows BSE images of cross sections of solution annealed (as-received) and aged
Haynes 214, after oxidation in Ar-20%0; at 800°C and 900°C for 72 h, respectively. After 72
h of exposure at 800°C the as-received material exhibits an external Al>O; scale with small
amounts of Ni,Cr-rich oxide. However, the aged material forms internal Al,O3 and an external
Cr-rich oxide. As a result of the volume increase by internal Al>O3 formation bulk metal
protrusions are located in the external Cr-rich oxide. In contrast to the as-received material, no
significant amounts of nickel containing oxide were found. As a result of the increased
formation of Cr-rich oxide on the aged sample, the weight gain after 72 h of oxidation is

approximately twice as high as for the as-received sample (Figure 77).

In contrast to the 800°C experiments both the as-received and aged specimen, showed after
oxidation at 900°C similar oxide scale morphologies (Figure 80). The coarsening rate of y” is
increasing with increasing temperature (see chapter 3), whereas the equilibrium volume
fraction is lower at 900°C (9 at.-%) than at 800°C (29 at.-%), as shown in chapter 5.2.
Consequently, the microstructural difference between as-received and aged material is smaller
after 72 h exposure at 900°C than at 800°C. More precisely, according to the fact that it lasts
approximately 100 h at 800°C to approach thermodynamic equilibrium (see chapter 3), it is
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assumed that the microstructure of the as-received material after 72 h oxidation at 900°C

shows no significant difference from the aged material.
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Figure 80: BSE images of cross sections of as-received (left) and aged (right) Haynes 214
after isothermal oxidation at 800°C and 900°C in Ar-20%O: for 72 h

Figure 81 compares the BSE images of the cross sections of the solution annealed and aged
material oxidized at 1000°C and 1100°C for 72 h respectively. In contrast to 800°C and
900°C, at these temperatures vy’ is not stable according the Thermocalc© calculations (Figure
75). Consequently, the equilibrium Al content in vy is virtually identical to the total bulk Al
concentration (9.0 at.-%). Initially present y" in the aged specimen is expected to dissolve

during the oxidation test.

After 1000°C and 1100°C exposure, respectively, the oxide scale morphologies of the as-
received and aged material are similar. The scales of the specimens oxidized at 1000°C
consist of single phase Ni/Cr/Al mixed oxide (probably Ni(Cr,Al)204), NiO and a continuous
ALO; layer beneath. After oxidation at 1100°C no NiO is found and the material is solely
covered by the single phase Ni/Cr/Al mixed oxide and a continuous inner Al,O; scale. Even
though the scale morphologies of the two sample types are similar after oxidation at 1000°C
and 1100°C, the oxidation behavior differs clearly in terms of average total oxide scale

thickness. This finding correlates with the thermogravimetric measurements (Figure 77). The
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higher weight gain of the aged material at 1000°C and 1100°C is a result of the increased
formation of Ni,Cr-containing oxide, which exhibits a higher grow rate than Al,Os [25, 31]. A
larger amount of this transient Ni,Cr-containing oxide indicates that the formation of a
continuous external Al,O3 scale is delayed for the aged compared to the as-received material.
This is a result of the lower aluminum concentration in the y-phase of the aged material in the
very early stages of the oxidation test (see chapter 6.2.3.2), i. e. before complete dissolution of

the y” precipitates occurred.
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Figure 81: BSE images of cross sections of as-received (left) and aged (right) Haynes 214
after isothermal oxidation at 1000°C and 1100°C in Ar-20%O2 for 72 h

6.2.3.4 Proposed Oxidation Mechanisms

In chapter 4.3.1 three different mechanisms, describing the oxidation stages of NiCrAl alloys,
are shown. Figure 14 shows that all three mechanisms lead to a three-layered oxide structure,
as shown in Figure 82. This scale morphology and composition is similar to the proposed
oxidation mechanism for Haynes 214, shown in chapter 6.2.3.1. However, in contrast to
Figure 82 the results from the present study on Haynes 214 did not reveal a continuous NiO
layer above a Cr2O3 layer. The material exhibited NiO particles inside the Cr.O; layer, as a
result of the oxidation of metal protrusions in the latter (see 6.2.3.1). Furthermore, the final
step proposed for the oxidation of Haynes 214 is the formation of a single phase Ni/Cr/Al
mixed oxide, which is probably Ni(Cr,Al)2O4 spinel (see 6.2.3.1). Spinel formation was also
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proposed in literature as stated in Figure 82 but in the present findings on Haynes 214 the
single phase Ni/Cr/Al mixed oxide was found without any Cr.O3 beneath (see 6.2.3.1).

Gas

AlL,O,

Alloy

Figure 82: Schematic three-layered oxide structure of NiCrAl alloys formed according
to the three mechanisms illustrated in Figure 14 [33, 51, 52]

Beside these differences, the mechanism proposed in the present study for the oxidation of
Haynes 214 (6.2.3.1) correlates best with the mechanism from Hu et al [52]. Both approaches
suggest the initial formation of internal ALlOs, external Cr-Oxide and Ni-rich metal
protrusions in between. In the second step of both mentioned mechanisms the internal Al>2O;3
particles form a continuous layer and as a result NiO is formed. The final step from Hu et al
[52], however, differs from the mechanism proposed in the present study, as here no

formation of a NiO layer (Figure 82) was observed.

All three mechanisms proposed in literature for oxidation of NiCrAl model alloys [33, 51, 52]
are based on experiments at or above 1000°C (Giggins et al: 1000 — 1200°C, Nijdam et al and
Hu et al: 1100°C). Consequently, the oxidation process of a multi-element material, such as
Haynes 214, below 1000°C might not be correct described by the proposed mechanisms. For
the mechanism proposed in the present study this is the case for exposures of Haynes 214
below 900°C, as stated in chapter 6.2.3.1. The oxidation tests of as-received specimens of
Haynes 214 revealed after 72 h oxidation at 800°C external Al>Os, whereas after 1000 h
internal Al,Os and external Cr-rich oxide formation were observed, which cannot be
described by the proposed mechanism. However, this behavior at 800°C correlates with the
first two steps of the mechanism proposed by Nijdam et al [51] (see Figure 14). But as they
suggested these steps are based on tests at 1100°C and the present results revealed a different
behavior at this temperature, it is not clear if describing the oxidation process at 800°C by this

mechanism is correct.

Another way to describe the oxidation behavior of Haynes 214 at 800°C differing from that at

higher temperatures might be the correlation of external A,O; formation with the effect of

surface cold work, explained in 6.1.3.3 for the oxidation of alloy 602 CA. It was found that

external Al>Os scale formation is promoted by introducing cold work in the specimen surface
97



prior to exposure by the grinding process (p1200). To proof if this theory holds also for the
oxidation of Haynes 214 at 800°C, two Haynes 214 specimens were prepared for 24 h TGA
tests in Ar-20%0> at 800°C. One specimen was pl1200 grit ground, as in the previous
experiments, the other was prepared to a mirror like surface using diamond paste. Figure 83
shows that the weight gain of the polished specimen is larger than that of the ground specimen
after 24 h oxidation at 800°C. However, the difference between the two specimens with
different surface treatment is smaller compared to the corresponding experiments with Alloy
602 CA (see Figure 52).
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Figure 83: Area specific weight gain during isothermal oxidation of Haynes 214 in Ar-
20% 02 at 800°C showing effect of surface treatment on oxidation kinetics

Figure 84 compares metallographic cross sections of the diamond polished specimen and the
pl1200 grit ground specimen after 24 h exposure. The external formation of AlO; is
substantially more pronounced for the ground than for the polished specimen. The latter
exhibited mainly internal Al>O3; precipitates, metal protrusions and external Cr-rich oxide.
This is similar to step 2 in the mechanism proposed in chapter 6.2.3.1 for oxidation at
temperatures above 800°C.

In contrast to the results of the polished specimen of Alloy 602 CA (Figure 53, b), the
polished specimen of Haynes 214 exhibited a few locations where external Al2O3 occurred.
This correlates with the smaller weight gain of this specimen compared to that of Alloy 602
CA (Figure 52) and might be the result of the higher Al concentration in Haynes 214 (4.46
wt.-%) compared to Alloy 602 CA (2.43 wt.-%). However, the results of the oxidation tests of
the polished and ground specimens of Haynes 214 show that the surface cold work promotes
also for alloy 214 the formation of external Al,O3 at 800°C. Internal oxidation of Al after 72 h
oxidation at 900°C (Figure 66) and after 8 h at 1000°C (Figure 68) show that the beneficial
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effect of cold work introduced by grinding rapidly vanishes upon heating the specimen to
temperatures of 900°C and above in a similar manner as described for Alloy 602 CA
(6.1.3.3).
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Figure 84: Metallographic cross section (BSE image) of Haynes 214 after isothermal
oxidation at 800°C in Ar-20%QO: for 24 h. a) specimen ground (b) diamond polished
prior to exposure

As stated in chapter 6.2.2.2, extending at 800°C the oxidation time of Haynes 214 from 72 h
to 1000 h resulted in expansion of the locations of internal Al,O; formation. Thus, obviously
the external Al,O; formed after 72 h exposure as a result of the beneficial effect of surface
cold work (see above) cannot be maintained for 1000 h at 800°C on Haynes 214. Additional
experiments on alloy 602 CA, however, revealed a continuous AlO3 scale after 1000 h
oxidation at 800°C in Ar-20%O> (Figure 85). This is confusing, as the Al content of Haynes
214 (4.46 wt.-%) is higher compared to that of alloy 602 CA (2.43 wt.-%) and therefore
formation and maintenance of an external Al,O3 scale is expected to be promoted in

comparison to this material.

As shown in chapter 6.2.1 and illustrated in Figure 85 the microstructure of Haynes 214
contains y’-precipitates in chemical equilibrium at 800°C. This results in an Al concentration
in the y-phase which is lower than the bulk concentration and amounts to 6.1 at.-% (2.9 wt.-
%) at 800°C (chapter 6.2.3.2). As stated in chapter 6.2.3.2, the phase in contact with the alloy
/ oxide interface is solely v, due to the formation of a subsurface PFZ. Thus, it is proposed that
the aluminum content responsible for the maintenance of an existing external Al,O; scale,
whose formation was promoted by surface cold work, is the aluminum concentration in the y-
phase and not the bulk concentration (see chapter 6.2.3.2 and ref. [121]). Consequently, as the
amount of y” in the y-microstructure increases with increasing exposure time and approaches
the chemical equilibrium at 800°C after approximately 100 h (stated in chapter 6.2.1) the

tendency of external Al,O3 formation decreases at 800°C up to an exposure time of 100 h.
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Figure 85: Metallographic cross sections (BSE images) of ground specimens of Haynes
214 (a) and Alloy 602 CA (b) after oxidation in Ar-20%0O:2 at 800°C for 1000 h. Lower
left part of figure (a) is shown in increased contrast to illustrate y” precipitates

This decreased tendency of external AlbOs formation by y’'-precipitation in Haynes 214 was
observed in oxidation tests on aged specimens of Haynes 214, described in chapter 6.2.3.3.
Compared to the experiments on as-received material (chapter 6.2.2.2), the starting Al
concentration in the y-phase of the aged specimens was approximately 6.1 at.-% (2.9 wt.-%),
as they were aged at 800°C. As a result, at all four test temperatures the aged specimens
exhibited after 72 h exposure a higher weight gain than the specimens in the as-received
condition (chapter 6.2.3.3). After oxidation at 800°C the amount of internal AloO3 formation
was significantly higher for the aged specimen compared to the as-received specimen of
Haynes 214. The aged specimen revealed after 72 h of oxidation at 800°C a similar oxide
scale morphology as the as-received specimen exposed for 1000 h (6.2.2.2). This indicates
that the increased amount of internal ALO; precipitates formed after 1000 h oxidation
compared to 72 h exposure is a result of the formation of y’-precipitates. In contrast to aged
Haynes 214, Alloy 602 CA in as-received condition exhibited after 1000 h oxidation at 800°C
a continuous AlO; scale, although the aluminum content in the y-phase of aged Haynes 214
(2.9 wt.-%) is still higher than in Alloy 602 CA (2.43 wt.-%), which only consists of y and Cr-
carbides (chapter 6.1). This shows that, despite the formation of y’, also the concentration of
other alloying constituents (especially Cr), beside Al, obviously affects the formation of an
external Al,O3 scale. Chapter 7 will later focus on this effect.
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Beside the difference in the amount of internal Al,O3; formation between as-received and aged
material of alloy 214 at 800°C, also differences in oxide scale thickness at higher
temperatures show the effect of y’-precipitation. At 1000°C and 1100°C respectively the
phases present in the oxide scales of the as-received and aged specimens are very similar.
However, the aged specimens revealed a thicker layer of Cr- and Ni-containing transient
oxides as the formation of a continuous Al,O3 layer is delayed (see chapter 6.2.3.3). This is a
result of the lower aluminum content in the y-matrix in the very early stages of oxidation. As
v” is not stable at 1000-1100°C and will thus dissolve during ongoing oxidation (see chapter

6.2.3.3) the aluminum concentration in the y-phase increases.

The following mechanism, shown in Figure 86, is proposed to describe the oxidation behavior
of Haynes 214 at 800-1100°C, based on:

- The oxidation steps proposed in chapter 6.2.3.1 for the oxidation behavior of Haynes 214
at 900-1100°C

- The mechanism by Hu et al [52] determined by oxidation tests on a Ni-Cr-Al model alloy
at 1100°C

- The effect of surface cold work promoting external Al,O3 formation at 800°C

- The effect of y'-precipitation decreasing the tendency to external Al,O3 formation

At 800°C (left part of Figure 86) the cold-work introduced by specimen grinding promotes
external alumina formation (step 1), due to a high density of grain boundaries in the surface
near region. Thereby the difference between grain and grain boundary diffusion is far more
pronounced for substitutionally dissolved elements, such as e. g. Al in y-Ni, than for
interstitially dissolved elements, like oxygen [102]. After a certain time y’-precipitation
decreases the Al concentration in y (see section 6.2.3.3) and increases the tendency to internal
AlLO; formation in combination with extruding metal protrusions and Cr-rich oxide formation
(step 2). At 900°C and above (right part of Figure 86) the beneficial effect of specimen
grinding vanishes rapidly due to faster recrystallization. Consequently, initially internal Al,O3
formation is more promoted compared to 800°C (step 1), although the amount of y’'-
precipitates is significantly lower in this temperature range (900-1100°C). After a certain time
impingements of internal AlbO; rods at random sites of the oxidation front (IOZ / PFZ
interface) lead to the formation of Al,Os3 film sections and lateral Al diffusion from this
impingement sites to neighboring precipitates isolates the internal oxidation zone (I0Z) from
the bulk alloy [101] (step 2). A continuous Al2O3 layer is formed which suppresses outward
Cr diffusion and consequently NiO starts to form in random locations until all metal
protrusions are oxidized (step 3). After longer times a single-phase Ni/Cr/Al mixed oxide is
formed (step 4).
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Figure 86: Proposed oxidation mechanism of Haynes 214 based on the presented results
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6.2.4 Behavior of Haynes 214 in H:0-Containing Gases
Compared with Ar-20%0:
6.2.4.1 Behavior in Ar-7%H:0

Figure 87 shows the area specific weight gains of as-received Haynes 214 during isothermal
exposure at 800°C, 900°C, 1000°C and 1100°C in Ar-7%H20. In addition, the area specific
weight gains in Ar-20%0> which were already presented before (Figure 59) are shown here
again for easier comparison and better readability of the text (Figure 88). After 72 h oxidation
at 800°C and 1100°C the weight gain of Haynes 214 is higher in Ar-7%H>0 than in Ar-
20%0:z. However, at 900°C and 1000°C the weight gain after the 72 h exposure is higher in
Ar-20%0> than in Ar-7%H>0O. Especially, the time dependent slopes of the curves
substantially differ in the two environments at 900°C and 1000°C. At 800°C the time

dependent slopes in the two gases are very similar.

As in Ar-20%0:, the oxidation kinetics of the material exposed in Ar-7%H>O at the four test
temperatures could not be described using the classical parabolic rate description, shown in
equation (17). Therefore Figure 89 shows the instantaneous, apparent parabolic rate constant
(kw’) for the exposure in Ar-7%H>O as function of time, calculated using the procedure
described in reference [113, 114] and appendix B. After the initial oxidation stage, virtually
constant ky’-values were found for the tests at 800°C, 1000°C and 1100°C. However, the
oxidation rate of the 900°C specimen decreases at t > 5 h with increasing exposure time. In
Ar-20%0: at 900°C a similar decrease was observed at t > 25 h (Figure 60), but due to an
initial (t < 25 h) increase in oxidation rate, the ky’-values obtained in Ar-20%O> are
significantly higher than in Ar-7%H>0 at 900°C.

Figure 90 and Figure 91 show BSE images of the cross sections of Haynes 214 after
isothermal exposure in Ar-7%H>0 for 72 h. At 800°C the material is partly covered by an
external Al,Os; scale and exhibits in other locations internal Al,O3 precipitates, metal
protrusions and external Cr-rich oxide. This oxide scale morphology is similar to that
described and discussed in chapter 6.2.2.2 for the oxidation in Ar-20%02 at 800°C.

After oxidation at 900°C a similar morphology was found, however, compared to 800°C the
tendency to formation of an internal Al2Os layer, rather than separated internal precipitates,
seems to be more pronounced at 900°C. This type of internal A[,O3 layer formation was also
observed after 72 h oxidation in Ar-20%0; at this temperature (see 6.2.2.2). In contrast to the
oxide scale formed in Ar-20%0;, the amount of NiO formed after 72 h is lower after
oxidation in Ar-7%H>0. This explains why the weight gain after 72 h oxidation in Ar-7%H>0
(Figure 87) is lower than in Ar-20%0; (Figure 88).
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Figure 87: Area specific weight gain during isothermal oxidation of Haynes 214 in Ar-
7%H20 at different temperatures
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Figure 88: Area specific weight gain during isothermal oxidation of Haynes 214 in Ar-
20% 02 at different temperatures (already shown in Figure 59)
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Figure 89: Time dependence of the instantaneous apparent parabolic rate constant kw’

of Haynes 214 during isothermal oxidation in Ar-7%H:20 for 72 h
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Figure 90: Metallographic cross sections (BSE images) of Haynes 214 after isothermal

oxidation at 800°C and 900°C in Ar-7%H20 for 72 h
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Figure 91: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation at 1000°C and 1100°C in Ar-7%H:20 for 72 h

After 72 h exposure at 1000°C and especially 1100°C in Ar-7%H>0 the material is covered
by a continuous AlO; layer. In contrast to 1100°C, at 1000°C some internal Al2O;
precipitates were still found beneath the continuous layer. In Ar-20%0: at 1000°C internal
Al,O3 precipitates were only found after 8 h oxidation, whereas after 72 h exposure no
internal precipitates were observed. Similar to the results in Ar-20%0., the external scale
formed in Ar-7%H>O after 72 h oxidation at 1000°C contains a Cr-rich oxide and NiO,
whereas at 1100°C a single-phase Ni/Cr/Al mixed oxide is present, which is confirmed by
SNMS measurement (Figure 92). At 1000°C and especially at 1100°C the kw’-values in the
early stages of oxidation in Ar-7%H>0 are larger than those in Ar-20%0;. Thus the higher
weight gain after 72 h oxidation in Ar-7%H>0 (Figure 87, Figure 88) is mainly related to
differences in the early oxidation stages. Interesting to note is that the external Ni/Cr-rich

layer tends to spall during specimen cooling after the end of the exposure (Figure 91).
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Figure 92: SNMS depth profiles of Haynes 214 after isothermal oxidation in Ar-7%H:20
at 1100°C for 72 h

6.2.4.2 Behavior in Ar-4%H:-7%H:0

Figure 93 shows the area specific weight gains of Haynes 214 during isothermal exposure at
800°C, 900°C, 1000°C and 1100°C in Ar-4%H>-7%H20. In addition, the area specific weight
gains obtained in Ar-20%0> (Figure 59) are shown again for comparison and better
readability (Figure 94). The weight gain in Ar-4%H>-7%H>0 increases with increasing
exposure temperature but is at every temperature lower than the corresponding weight gain in
Ar-20%0; (Figure 88) and Ar-7%H>0 (Figure 87). The weight gain in Ar-4%H>-7%H>0 at
900°C temporarily slightly exceeds the one at 1000°C (17 h <t < 62 h), whereas the weight
gain during oxidation in Ar-20%0> at 900°C exceeded that at 1000°C at t > 42 h (Figure 88)
and is after 72 h oxidation more than 0.2 mg/cm? higher than that of Ar-4%H>-7%H>0. This
correlates with the oxidation rate ky’ obtained in Ar-20%O; which is at t > 25 h more than
one order of magnitude higher compared to Ar-4%H>-7%H>0 (Figure 95). In contrast to Ar-
20%0: an initial increase in oxidation rate was not observed for Ar-4%H>-7%H-0 at 900°C,
similar as described for Ar-7%H20 (Figure 89). The oxidation rates at 1000°C and 1100°C
are quite similar in Ar-4%H>-7%H20 and Ar-20%0; and the differences in weight gain after
72 h oxidation between Ar-4%H>-7%H>0 and Ar-20%0; are virtually exclusively related to
the early stages of oxidation (Figure 60, Figure 95). In contrast to this, the oxidation rate at
800°C is lower in Ar-4%H>-7%H>0 compared to Ar-20%0O; and this very low oxidation rate
is the reason for the high fluctuating ky’-values at 800°C (Figure 95); i. e. the weight gain
rates are near the sensitivity limit of the TGA system.
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Figure 93: Area specific weight gain during isothermal oxidation of Haynes 214 in Ar-
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Figure 94: Area specific weight gain during isothermal oxidation of Haynes 214 in Ar-

20%0: at different temperatures (already shown in Figure 59)
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Figure 95: Time dependence of the instantaneous apparent parabolic rate constant kw’
of Haynes 214 during isothermal oxidation in Ar-4%H>-7%H:0O for 72 h

Figure 96 and Figure 97 show BSE images of the cross sections of Haynes 214 after 72 h
oxidation in Ar-4%H>-7%H20 at 800°C, 900°C, 1000°C and 1100°C. As already described
before (chapter 6.1.2.2), the equilibrium oxygen partial pressure of this test gas in this
temperature range is lower than the dissociation pressure of NiO (see Figure 10).

Consequently, NiO is not stable under the prevailing test conditions.

After oxidation at 800°C the specimen is mainly covered by an external Al,Os scale. The
number of locations where internal Al,O3 precipitates, metal protrusions and Cr-rich oxide
were found is smaller than in Ar-20%O0: (Figure 62) and Ar-7%H>O (Figure 91). This
explains the higher weight gain in the two latter gases (Figure 87, Figure 93, Figure 94).

After exposure at 900°C the number of locations of internal Al,O3, metal protrusions and Cr-
rich oxide is again lower in Ar-4%H>-7%H20 (Figure 96) than in Ar-20%0: (Figure 62) and
Ar-7%H>0 (Figure 91). Similar to the result at 900°C in Ar-7%H20, no NiO was found after
oxidation in Ar-4%H>-7%H>0, which results in a weight gain which is significantly lower
than that in Ar-20%0: (Figure 94).

The material exhibits after exposure in Ar-4%H>-7%H>0 at 900°C more locations of internal
AlO;, metal protrusions and external Cr-rich oxide than after 800°C. After oxidation at
1000°C and 1100°C the amount of external Cr-rich oxide in Ar-4%H>-7%HO is significantly
lower than after the tests in Ar-20%0: (Figure 62) and Ar-7%H-0 (Figure 91). In contrast to
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Ar-7%H>0 and Ar-20%0:, no NiO was found in Ar-4%H>-7%H>0. Consequently, the
external oxide after the 1000°C test consists only of Cr-rich oxide and of a single phase Cr/Al
mixed oxide after 1100°C exposure. In contrast to the tests in Ar-7%H>0 and Ar-20%0>, the
scales formed at 1000°C and 1100°C in Ar-4%H>-7%H>0 exhibited metal protrusions, as a
result of the fact that NiO is not stable in this low pO> gas. As the growth rate of NiO is
higher than that of Cr2O3 (see Figure 13), the absence of NiO resulted in a decreased weight
gain of the specimens exposed in Ar-4%H>-7%H>0 (Figure 93) compared to those in Ar-
7%H>0 (Figure 87) and Ar-20%0: (Figure 94).
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Figure 96: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation at 800°C and 900°C in Ar-4%H2-7%H:20 for 72 h

Another finding after the oxidation in Ar-4%H>-7%H20 was the presence of nickel particles
at the oxide surface, exemplarily shown for the 1000°C and 1100°C exposures in Figure 98.
These were mainly found in areas where also Cr-rich oxide nodules were present. The nickel
particles are believed to result from the not oxidized metal protrusions formed in this test gas.
After oxidation at 1000°C approximately 1 pm large nickel particles are formed in the vicinity
of the Cr-rich oxide and in addition very fine particles were found on areas covered by Al>Os.
In contrast to 1000°C, these fine nickel particles were not found on AlO3 after 1100°C
exposure and the particles in the vicinity of the Cr-rich oxide are significantly larger
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compared to those at 1000°C (Figure 98). Nickel particles on the oxide surface were also
found for Alloy 602 CA oxidized in Ar-4%H>-7%H>0 and were discussed in section 6.1.3.3.
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Figure 97: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation at 1000°C and 1100°C in Ar-4%H:-7%H:0 for 72 h

e

Figure 98: Secondary electron (SE) image of surface oxide morphology for Haynes 214

i

after isothermal oxidation at 1000°C (left) and 1100°C (right) in Ar-4%H2-7%H20 for

72 h
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6.2.4.3 Behavior in Ar-20%0:-7%H.0

Figure 99 shows the area specific weight gains of Haynes 214 during isothermal exposure at
800°C, 900°C, 1000°C and 1100°C in Ar-20%0:-7%H20. In addition, the area specific
weight gains in Ar-20%O0: (Figure 59) are shown again for easier comparison and better
readability (Figure 100). At 1000°C and 1100°C the weight gains of Haynes 214 after 72 h
oxidation are higher in Ar-20%02-7%H20 than in Ar-20%0.. However, the kinetics at
1000°C and 1100°C in Ar-20%02-7%H20 (Figure 99) seem to be more similar to those in Ar-
20%0: (Figure 100) than those in Ar-7%H20 or Ar-4%H>-7%H>0 (Figure 87, Figure 93).
During 1000°C exposure the ky’-value of Haynes 214 is higher in Ar-20%02-7%H>0 (Figure
101) than in Ar-20%O0; (Figure 60). At 1100°C the oxidation rate is steadily decreasing,
whereas in Ar-20%0; at approximately t > 10 h it is virtually constant. This results in a lower
oxidation rate after 72 h exposure in Ar-20%0>-7%H>0 compared to Ar-20%0; at 1100°C.
However, due to a higher oxidation rate in the early stages of oxidation at 1000°C and 1100°C
in Ar-20%02-7%H>0 the weight gains after 72 h are higher compared to Ar-20%0,. In
contrast to 1000°C and 1100°C, the specimens exposed in Ar-20%0>2-7%H>0 at 800°C and
900°C exhibited lower weight gains than those exposed in Ar-20%0:. At 900°C the oxidation
rate in the early stage of oxidation is higher in Ar-20%0,-7%H>0, but due a steady increase
up to t = 25 h the oxidation rate in Ar-20%0O: is slightly higher than that obtained for Ar-
20%02-7%H>0 at approximately t > 15 h.
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Figure 99: Area specific weight gain during isothermal oxidation of Haynes 214 in Ar-
20%02-7%H20 at different temperatures
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Figure 100: Area specific weight gain during isothermal oxidation of Haynes 214 in Ar-
20% 0O at different temperatures (already shown in Figure 59)
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Figure 101: Time dependence of the instantaneous apparent oxidation rate kw’ of
Haynes 214 during isothermal oxidation in Ar-20%02-7%H20 for 72 h

Figure 102 and Figure 103 show BSE images of cross sections of Haynes 214 after 72 h
isothermal exposure in Ar-20%02-7%H>0 at 800°C, 900°C, 1000°C and 1100°C. As
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illustrated in Figure 10 the equilibrium oxygen partial pressure in this test gas is virtually
equal to that in Ar-20%0; (0.2 bar) and thus significantly higher than that in Ar-7%H>0O and
Ar-4%H>-7%H,0.
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Figure 102: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation at 800°C and 900°C in Ar-20%0:2-7%H:20 for 72 h

After oxidation at 800°C the specimen is mainly covered by an external Al,Os scale, similar
to that found in Ar-20%0- (Figure 64). The weight gain is higher than in the exposure in Ar-
4%H2-7%H20 but slightly lower than in Ar-7%H20 and Ar-20%0:. A higher weight gain can
be the result of a higher amount of Cr- and/or Ni-containing oxides, as these exhibit a higher
oxidation rate than Al,Os3 (Figure 13). However, at 800°C the weight gain difference between

the test gases after 72 h oxidation is quite small compared to the tests at higher temperatures.

After 900°C oxidation in Ar-20%0:-7%H20 the external scale contains NiO, as also found
for 72 h exposure in Ar-20%O0; (Figure 66) at this temperature. However, the weight gain
after 72 h oxidation in Ar-20%0:2-7%H20 (Figure 99) is lower compared to Ar-20%0:
(Figure 100), but slightly higher compared to Ar-7%H>0 (Figure 90). The amount of internal
ALO; precipitates, metal protrusions and Cr-rich oxide formed in Ar-20%0-7%H>0 is in a

similar range as observed in Ar-7%H>0.
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Figure 103: Metallographic cross sections (BSE images) of Haynes 214 after isothermal
oxidation at 1000°C and 1100° C in Ar-20%02-7%H:20 for 72 h

After 72 h exposure at 1000°C in Ar-20%02-7%H>0 Haynes 214 exhibited a higher weight
gain compared to Ar-20%0> and the other H>O-containing gases. This correlates with the
larger amounts of Cr-rich oxide and NiO found in the external scale formed in the first
mentioned gas (Figure 103). Similar as described for the 1000°C test in Ar-20%02, NiO is
randomly distributed in the Cr-rich oxide scale. After 1100°C oxidation a single phase
Ni/Cr/Al mixed oxide above a continuous Al,O3 layer is formed, similar to the results from
the tests in Ar-20%O0; (Figure 69) and Ar-7%H>O (Figure 91) at this temperature. GD-OES
analysis of the specimen exposed in Ar-20%02-7%H->0 (Figure 104) revealed a composition
of the external mixed oxide very similar to that formed in Ar-20%0; (Figure 105), whereas in
Ar-7%H>0 (Figure 92) the measured concentration is different. This difference is probably

related to oxide spallation in case of Ar-7%H-0.
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Figure 104: GD-OES depth profiles of Haynes 214 after isothermal oxidation in Ar-
20%02-7%H:20 at 1100°C for 72 h
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Figure 105: GD-OES depth profiles of Haynes 214 after isothermal oxidation in Ar-
20%O02 at 1100°C for 72 h
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6.2.5 Discussion of the Behavior in H:0-containing Gases

Compared to Ar-20%0:

General Remarks

The investigations in the H>O-containing atmospheres revealed that after 72 h exposure at
800°C and 900°C differences in area specific weight gain resulted mainly from different
numbers of locations of internal Al>Os3 precipitates accompanied by metal protrusions and Cr-
rich oxide. The smaller their amount is, the lower is the area specific weight gain. At 900°C
only the specimens exposed in Ar-20%02-7%H>0 and Ar-20%0- formed significant amounts
of NiO. The test in Ar-7%H>0O revealed hardly any formation of NiO and in Ar-4%H>-
7%H>0 this is not thermodynamically stable. The formation of Cr-rich oxide and NiO seems
to be in contradiction with literature results which revealed for 800-900°C on Haynes 214 the
formation of a thin Al>O; layer after 100 h oxidation in Air-10%H20 [115], as shown in Table
11. The reason for this difference may be related to different sample preparation methods
prior to exposure. As described in section 6.2.3.4, surface cold work introduced by specimen
grinding promotes the formation of an external Al,O3 layer on Haynes 214 at 800°C; a ground
specimen (p1200) exhibited a larger tendency to external Al,O3; formation than a polished one
(1 pm diamond paste). In reference [115] as-rolled specimens were used for the oxidation
tests. As cold rolling introduces substantial amounts of cold work, the tendency to external
Al>,03 formation of these specimens might be even higher than that of the ground specimens
used in the present study. This would explain the formation of an external Al,O; scale
observed in [115], whereas the present experiments revealed significant amounts of internal
AlOj3 precipitates along with formation of external Cr-rich oxide. However, further studies

are required to verify this assumption.

Oxidation at 800°C
After 72 h exposure at 800°C the highest weight gain was found in Ar-7%H>0 in agreement

with the observed larger amount of locally occurring internal oxidation of aluminum. Thus,
the tendency for external AlLO; formation is in this test gas lower than in all other
investigated gases. The effect of HO promoting the internal oxidation of Al was already
reported in literature by several authors for the oxidation of Fe-base borderline alumina
forming alloys [122, 123, 124] and FeCr alloys [41]. Quadakkers et al proposed for the latter

alloys the following mechanism [41]:

- Hydrogen released by oxidation diffuses into the alloy
- Interstitial hydrogen enlarges the alloy lattice
- Oxygen solubility and/or oxygen diffusion into the alloy increases

- Tendency for internal oxidation of Al increases
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Assuming this mechanism to be correct also for Ni-base alumina forming alloys, such as
Haynes 214, would explain the higher number of internal Al>O3 precipitates formed in Ar-
7%H>0 at 800°C compared to Ar-20%0O> and the resulting higher kw’-values in Ar-7%H>0
(Figure 89) compared to all other investigated test gases (Figure 60, Figure 95, Figure 101).
As the mechanism is based on the release of hydrogen, it is expected not to affect the
oxidation in Ar-20%02-7%H-0, due to the presence of O». This correlates with the fact that
the weight gain and corresponding kw’-values in the latter test gas are lower than in Ar-
7%H>0 and in a similar range as obtained for the oxidation test in Ar-20%0: (Figure 59).
Thus, the amount of internal Al,O3 precipitates is similar in the two Oz-containing gases
(Figure 64, Figure 102), whereas it is significantly higher in Ar-7%H>0 (Figure 90).

Concerning oxidation in Ar-4%H>-7%H>0, the increased amount of H> present in this test
gas, might promote the effect proposed by Quadakkers et al [41] in comparison to Ar-7%H>0.
However, the area specific weight gain in this test gas and the corresponding kw’-values are
lower compared to those in Ar-7%H>0. Furthermore, also the tests in Ar-20%02-7%H20 and
Ar-20%0: revealed higher kw’-values than obtained for Ar-4%H>-7%H>0. This correlates
with results from Young et al [114], which showed that the kw’-values of an Al,Os-forming
FeCrAlY alloy are smaller in Ar-4%H>2-7%H>0 than in Ar-20%0: in the temperature range
1200 — 1300°C. The authors pointed out, that due to a much lower oxygen partial pressure in
Ar-4%H»-7%H,0 (see Figure 10) the gradient in oxygen chemical potential across the oxide
scale is smaller compared to Ar-20%0; [114]. Consequently, the growth rate of external
AlLOs3 is lower in Ar-4%H>-7%H20 than in the test gases with higher pO.. However, as
especially seen in Figure 95, the weight gain rates at 800°C are so small that they are near the
sensitivity limit of the used TGA facility and therefore the relative differences in kw’-values

should be taken with some care.

Oxidation at 900°C
As shown in section 6.2.2 and 6.2.4, after 72 h oxidation at 900°C only the specimens
exposed in Ar-20%0; and Ar-20%0:-/%H>0 exhibited significant amounts of NiO in the

oxide scale. The oxidation mechanism for Haynes 214 proposed for Ar-20%0; in chapter

6.2.3.4 leads to the conclusion that the presence of NiO in the external scale indicates a
change from step 2 to step 3 in the schematic presentation in Figure 86. Assuming this
oxidation mechanism to be applicable also for the oxidation in wet gases, would mean that
this change (step 2 to step 3) matches to the specimens exposed for 72 h at 900°C in Ar-
20%0; and Ar-20%02-7%H>0, whereas the specimen exposed in Ar-7%H,O still shows after
72 h oxidation step 2, i. e. without any detectable amounts of NiO. This may be related to the
proposed effect of H>O in the absence of intentionally added O, promoting the internal
oxidation of aluminum, described above for the 800°C oxidation. It can, however, not be

concluded from the present 72 h results whether the change from step 2 to step 3 is suppressed
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or solely delayed by the presence of H2O. In the latter case this would imply that, during
exposure in Ar-7%H>0, the change from step 2 to step 3 which did not occur up to 72 h, may
occur after longer exposure times. Another factor affecting the formation of NiO is the
oxygen partial pressure in the test gas. In literature [83] a lower pO2, in a test gas in which
NiO is stable, was reported to decrease the oxidation rate of nickel in NiCr alloys, which
promoted the formation of a protective Cr203 scale. The growth rate of NiO in Ar-7%H>0
was reported to be similar to that of Cr.O3 [83], although in high pO2 gases, such as Ar-
20%0: or Ar-20%02-7%H>0, it is approximately one order of magnitude higher (Figure 13).
This implies that a decrease in pO> can decrease the amount of formed NiO and thus affect the
change from step 2 to step 3. In case of oxidation in Ar-4%H>-7%H20 a change from step 2 to
step 3 cannot be identified by NiO formation, as NiO is not thermodynamically stable in this

test gas.

Oxidation at 1000°C and 1100°C
After 72 h exposure at 1000°C the oxide scales of the specimens exposed in Ar-7%H>0, Ar-
20%02-7%H20 and Ar-20%0:; do not contain metal protrusions, as found after 900°C

oxidation. The initially formed protrusions are oxidized completely and thus the external Cr-

rich oxide scale contains NiO, as described by the proposed mechanism for the oxidation of
Haynes 214 in Ar-20%O; (Figure 86, step 3). In addition, beneath that outer scale a
continuous AlOj; layer was formed. In contrast to the exposures in the two O2 containing test
gases, some internal Al>O3 precipitates were found after 72 h oxidation in Ar-7%H20 beneath
the semi-continuous Al,O3 layer. Due to the fact that NiO is not thermodynamically stable in
Ar-4%H»-7%H>0 in the investigated temperature range (see Figure 10), the oxide scale after
72 h oxidation at 1000°C and 1100°C in this test gas still contains metal protrusions within
the external Cr-rich oxide. As shown in section 6.2.4.2, the amount of Cr-rich oxide formed at
1000°C and 1100°C in Ar-4%H>-7%H-O0 is significantly smaller compared to the other H>O-
containing gases and Ar-20%0>. However, in literature Cr203 on NiCr-base alloys is reported
to exhibit a higher growth rate in Ar-4%H>-7%H20 than in Ar-20%0; at 1050°C [90]. It is
proposed that the effect of a smaller amount of Cr-rich oxide in Ar-4%H>-7%H>0 in the
present study on Haynes 214 is related to a faster formation of a continuous Al>O; layer and
not to the CrO3 growth rate. As no NiO is formed and the amount of Cr-rich oxide is
significantly smaller in Ar-4%H2-7%H>0 than in the other investigated test gases, the area
specific weight gain after 72 h oxidation in that gas is lower than in the other test gases
(Figure 59, Figure 87, Figure 93, Figure 99).

Another interesting finding is the presence of nickel particles on the oxide surface of Haynes
214 exposed in Ar-4%H»-7%H>0, exemplarily shown for 1000°C and 1100°C oxidation in
Figure 98. These particles result from metallic protrusions formed as a result of internal Al>,O3

formation in the initial oxidation stage, as described in chapter 6.2.3.1 for the oxidation in Ar-
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20%0:. In the latter atmosphere the Ni-rich particles become subsequently oxidized, bit they
remain in metallic form during exposure in Ar-4%H>-7%H>0 due to the low equilibrium
oxygen partial pressure in this gas (Figure 10). Nickel particles on the oxide surface were also
observed for the oxidation of alloy 602 CA in this atmosphere (Figure 35). Their presence on
the oxide surface is probably based on the following points:

- Internal AlOs formation results in a volume increase in the alloy and metallic protrusions

are formed (see chapter 6.2.3.1)
- NiO is not stable in Ar-4%H>-7%H>0
- The rate of extrusion of mainly metallic nickel is proposed to be faster than the formation

of Cr-rich oxide overgrowing the metal protrusions

These effects might result in an extrusion of mainly metallic nickel after a critical Cr-
consumption through the external Cr-rich oxide. Consequently, metallic particles containing

mainly nickel are found on the oxide surface after exposure in Ar-4%H>-7%H-0 (Figure 98).

After 72 h oxidation at 1100°C the weight gain in Ar-4%H2-7%H>0 is lower than in the other
investigated test gases (Figure 59, Figure 87, Figure 93, Figure 99), similar to the results at
1000°C. This is the result of the fact that NiO is not stable in that atmosphere and that the
amount of external Cr containing oxide is lower than in the other test gases (see Figure 62,
Figure 90, Figure 96, Figure 102). The weight gain differences after 72 h are thus mainly
related to differences in the transient state of oxidation as at 1000°C and 1100°C Cr- and Ni-

containing oxides were only formed until a continuous Al>O3 layer had developed.

In Ar-7%H>0 and Ar-20%0:-7%H>0 the continuous Al>Os layer is partly covered by a single
phase Ni/Cr/Al mixed oxide, which is probably Ni(Cr,Al)2O4 spinel, similar as described for
the oxidation in Ar-20%0: (see chapter 6.2.3.1). In contrast to this, the single phase mixed
oxide formed in Ar-4%H,-7%H>0 at 1100°C contains no nickel. Regarding the oxidation
mechanism for Haynes 214 proposed in chapter 6.2.3.4, this indicates that step 4 in the
mechanism (Figure 86) might never be reached by the material during exposure in Ar-4%H>-
7%H>0 in the investigated temperature range. However, the specimens exposed in Ar-7%H>0
and Ar-20%0>-7%H20 for 72 h at 1100°C exhibit the oxide scale morphology shown in step
4 (Figure 86).
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7 Effects of Alloy Composition Variation

A limited number of investigations on the NiCrAl containing alloy Haynes 224 were carried
out in addition to the presented studies. This was done to estimate weather the mechanisms
proposed in the previous sections, may be transferred to another NiCrAl alloy. The chemical

composition, determined in the same way as described in chapter 5.1, is given in Table 13.

’Ni‘Cr‘AI‘Fe‘Ti‘Mn‘Co‘ Si ‘Mo‘ C ‘Zr‘ Y ’ B
<0.01 ‘ 0.1843 ‘ 0.071 ‘ 0.061 | <0.01

Haynes 224 ‘47.6 ‘ 20.4 ‘ 3.89 ‘ 28.2 ‘ 0.14 ‘ 0.051 ‘ 0.047 ‘ 0.041
Table 13: Analyzed chemical composition of Haynes alloy 224 in wt.-%

Alloy 224 differs from the other studied alloys in that it contains Al- and Cr-contents between
those of 214 and 602 CA. The Fe-content is substantially higher than that of 602 CA and 214;
this exhibits an adverse effect on the stability of the y'-phase found in alloy 214 (Figure 106).
Using the tests in Ar-7%H>0 as example, Figure 107 shows that, despite a lower Al-content
(3.89 wt.-%) than Haynes 214 (4.46 wt.-%), Haynes 224 exhibited after 72 h oxidation at
800 — 1100°C formation of a continuous Al>Os layer with variable amounts of (locally
present) Cr-rich transient oxide (Figure 107). The instantaneous kw’ showed at all

temperatures values which slightly decrease with increasing time (Figure 108).
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Figure 106: Mole fractions of phases of Haynes 224 calculated with Thermocalc©
(Database: TTNI7)
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Figure 107: Metallographic cross sections (BSE images) of Haynes 224 after isothermal
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Figure 108: Time dependence of the instantaneous apparent parabolic rate constant kw’
of Haynes 224 during isothermal oxidation in Ar-7%H:20 for 72 h

External alumina scale formation at all test temperatures was not only found in Ar-7%H>0
but also in the other test gases used, i. e. Ar-20%0; and Ar-4%H>-7%H-0 (Figure 109). The

fact that the tendency to external Al,O3 formation is higher for Haynes 224 than for Haynes
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214 illustrates that not only the alloy aluminum concentration is crucial for the formation and
maintenance of an external Al2Os scale. Different concentrations of other elements, in
particular chromium (20.4 wt.-%) and iron (28.2 wt.-%) will produce a microstructure
different from Haynes 214, especially at the lower temperatures. It is proposed that the higher
Cr-content in combination with a lower amount of Al-rich y’-precipitates in Haynes 224 is the
reason for the increased tendency to external AlO3 formation. Additionally, the formation of
Ni-containing oxide in the external scale of Haynes 224 was found to be less pronounced
compared to Haynes 214. SNMS measurements on Haynes 224 after 72 h exposure in Ar-
7%H>0 at 1100°C revealed a Ni-content in the external oxide scale of less than 3.5 at.-%
(Figure 110), which is significantly lower compared to the corresponding measurement on
Haynes 214 (8.8 at.-%, Figure 92).

Ar-20%0,
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Ar-4%H»-7%H,0 Mounting

‘/COxide
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Figure 109: Metallographic cross sections (BSE images) of Haynes 224 after isothermal
oxidation at 1100°C in Ar-20%0:z, Ar-7%H20 and Ar-4%H2-7%H:20 for 72 h

To determine effects of alloy composition on the oxide scale formation oxidation maps can be
used. Figure 111 shows isothermal oxidation maps for ternary NiCrAl alloys at 1000°C in
which the two alloys extensively investigated in the present study and Haynes 224 are
inserted according to their Cr- and Al-contents. The graphical presentation relates to a graph
proposed by Giggins and Pettit [33]. As far as known to the author, no accompanying
diagrams for 800°C or 900°C are available. As only Cr and Al are considered, this is only a
rough estimation as effects of other alloying elements, such as e. g. Fe, are not considered. In
addition, the effect of alloy microstructure, as described above, and the effect of surface cold
work, as described in section 6.1.3.3, on the oxidation behavior are not taken into account in

the diagrams.
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Figure 110: SNMS depth profiles of Haynes 214 after isothermal oxidation in Ar-
7%H20 at 1100°C for 72 h

However, the classification of Alloy 602 CA in group II (External layer of CrO; and internal
oxidation of Al) in the oxidation maps (Figure 111) correlate well with the experiments
presented in the prevailing investigation. The oxidation maps (Figure 111) relate to 1000°C, i.
e. a temperature at which the positive effect of surface cold work by specimen grinding was
shown to be not effective on alumina scale formation (section 6.2.3.4). However, the positive
effect of surface cold work at 800°C, described in section 6.1.3.3, will shift the line below the

composition of Alloy 602 CA for this temperature, as seen from the results in section 6.1.2.2.

Another important factor which can affect the oxidation behaviour is the test atmosphere. As
pointed out for Alloy 602 CA and Haynes 214 the oxide scale morphology is affected by H2O
in the test gas. However, no significant change from external to internal formation of Al>Os,
namely from group III to group II in the oxidation map, like presented in literature for NiCrAl
alloys with substantially lower Cr content [67, 68] was found for the two materials. This is
probably based on the fact that H>O additions mainly shift the boundary of group I and III
towards group III in the oxidation maps but do not substantially affect the boundary of group
IT and III (see Figure 111, b). Thus, the formation of a protective Al2O3 layer on NiCrAl
alloys with a Cr-content of 16 wt.-% or more, like in the materials investigated in the present

study, seems not to be significantly affected by H>O-additions in the test atmosphere.
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Figure 111: Oxidation maps of Ni-Cr-Al ternary alloys at 1000°C [25, 33, 68]

0 Ni

a) Oxidation of 600 grit ground specimens in 0.1 atm Oz [25, 33]
b) Oxidation of rolled specimens in Air (dashed lines) and Air+30%H-0 (solid lines) [68]

Group designations: 1 = External layer of NiO + internal Cr and/or Al oxides
7 = External layer of Cr20; and internal precipitation of Al;03
i = External layer of A2O3

Further it is important to note, that alloy 224 is located nearer to the borderline between area
IT and area III in Figure 111 (a) than alloy 214. Consequently, 214 should more easily form an
external AlO; scale than 224. In the present studies this was found not to be the case,
especially at the lower temperatures, i. e. 800°C and 900°C. This may be related to the fact
that the effect of Cr content on external Al,O; scale formation is not completely correctly
described by the oxidation map in Figure 111. Another explanation may be that the high Fe
content in alloy 224 destabilizes the y’-phase. Based on the considerations in section 6.2.3.2

this should be beneficial for external Al,Os scale formation.

125



8 Considerations Related to Material Geometry and

Oxidation Behavior

As stated in section 1, a porous metallic substrate is needed as support structure for the gas
separation membranes being permeable for the different process gases. However, the present
studies were focussed on the oxidation behavior of flat specimens of the NiCrAl-base alloys
602 CA, 214 and 224, because this allowed the use of a number of analysis techniques for
studying the oxidation mechanisms which could not be applied if porous materials would
have been used.

For discussing possible effects of specimen geometry on its oxidation behavior the porous
metallic substrate is assumed to consist of spheres with a diameter in the range of 10 — 15 um
[125]. The formation of oxides on the sphere surfaces will be similar to that of flat specimens.
For instance, experiments on porous Haynes 214 revealed the formation of the same types of
oxides as found in the present study for flat alloy sheets in the same temperature range [126].
However, a fundamental difference in oxidation behavior is related to the different volume to
surface ratio of spherical particles compared to flat rectangular specimens [32]. As this ratio is
lower for spherical particles, the Al-reservoir is smaller compared to that of the rectangular
geometry [32]. Consequently, as the formation of a protective Al2O3 layer is crucial for the
operation of the material as support structure for the ceramic membranes (see section 1),
depletion of Al by ALO; formation is more crucial for spherical particles than for flat
specimens if particle diameter is considered equal to that of the thickness of the flat specimen.
Starting with a material which initially forms an external alumina scale, the transition from
external to internal formation of AlO3 after long time due to severe Al-depletion (described
in chapter 4.3.4), namely end of life of the substrate-membrane system, will occur earlier in
spheres than in flat rectangular specimens of the same diameter. This time limit is extensively

treated in literature and called “time to breakaway oxidation” [25, 31, 32, 36].

The effect of specimen geometry on occurrence of breakaway can be estimated for FCC

materials with the following formula [127]:

— 2 -5
(=d, (C,—Cy)xp 1 25%0 55)
200 xu 2 Xk, D
1y = Time to breakaway [s]
d,,, = Sheetdiameter [cm]

C, = Initial concentration of the scale forming element [wr.— %]
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C, = Breakaway concentration of the scale forming element [wt. - %]

P = Density of the alloy [mg/cm?]
u = Metal / oxide mass ratio (Al>O3: 1.125)
k, = Parabolic rate constant in respect to area specific weight gain [mg2/ cm’* ><9]

D = Diffusivity of the scale forming element [cm?/s]

Equation (55) is only valid for flat sheets of infinite length and width [127]. Calculations of

t, for BCC alloys [32] revealed a factor to take into account geometries deviating from a flat

sheet to replace d, ,, in the formula. For spherical particles this factor can be derived to be

sheet

[32]:
V sphere
=2t = %depm (56)
Sphere
d ere = Sphere diameter [cm]

Thus from combining equation (55) and (56) it follows that for ideal parabolic oxidation the
time to breakaway of a spherical particle is 9 times smaller compared to that of a flat sheet

with the same diameter.

Beside the smaller Al-reservoir in case of spherical particles, also the formation of
precipitates, such as e. g. v', will be affected by sample geometry. For Haynes 214 after 72 h
oxidation at 900°C the precipitate free zone (PFZ) amounts approximately to 12 pm, which
means that a spherical particle of this material with a diameter up to 24 um will be after 72 h
at 900°C single-phase y without any y’-precipitates. However, at 800°C, where the formation
of y’-precipitates was found to be crucial for the oxidation mechanism of Haynes 214 (see
section 6.2.3.4), the mean PFZ width after 1000 h is only approximately 4 um. If all y’-
precipitates are dissolved the Al-depletion in the y-phase will be higher than for the flat sheets
shown in this work and the Al-reservoir effect, as explained above, will affect oxidation.
Consequently, as long as y’-precipitates are present in the metal matrix of spherical alloy 214
particles the oxidation mechanism will probably be similar to that proposed for sheets (see
section 6.2.3.4). However, at 1000°C and 1100°C where no y’-precipitates are formed only
the consumption of the Al-reservoir affects the transition from external to internal AlO;

formation.

In case of alloy 602 CA similar considerations will be applicable for oxidation at 800°C.

However, it should be borne in mind that the external alumina formation was positively
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affected by surface grinding. It is thus expected that this factor promoting external alumina
formation will not be adaptable for spherical particles. In case of external chromia and
internal alumina formation (as found in the present study at 900 — 1100°c for alloy 602 CA) it
is expected that the oxidation behavior for plate and particle will not fundamentally differ.
However, the kinetics of internal oxidation will after a given exposure time be affected by
specimen geometry because the growth of the internal oxidation zone (IOZ) is expected to

cease after a critical depletion of Al has occurred in a particle with a small diameter.

These considerations show that the absolute value for which the change from external to
internal alumina formation occurs is expected to be quantitatively different for a sphere
compared to that of the flat rectangular specimens investigated in the prevailing work.
However, it is believed that the major findings in the present study with respect to effect of
alloy composition, temperature and gas composition on external and internal scale formation

will not fundamentally change if different sample geometries are considered.
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9 Summary and Conclusion

The following NiCrAl base alloys were investigated in respect to oxidation behavior in
different test gases to study the oxidation mechanisms of potentially suitable materials for

metallic support structures for gas separation membranes:

- Alloy 602 CA
- Haynes 214

Alloy 602 CA has a higher Cr- but lower Al-content than Haynes 214. The present studies
were focused on the temperature range 800 — 1100°C whereby main emphasis was put on

studying conditions for external alumina scale formation in different types of environments.

The oxidation studies using the Ni-base alloy 602 CA revealed formation of an external
alumina scale during isothermal oxidation at 800°C. Temperature increase resulted in
formation of heterogeneous oxidation products consisting of an external chromia scale
beneath which aluminum was internally oxidized. The external chromia scales formed at
higher temperatures showed higher growth rates and exhibited less void and crack formation
in Ar-H>O and Ar-H»-H>O than in Ar-O2(H20). The results thus indicate that the differences
in growth rate and morphology of the chromia are more affected by pO> than by presence of
water vapor. The effects of pO2 on chromia growth rate and morphology were qualitatively
similar but less pronounced than previously described for binary NiCr model alloys. This
difference is likely related to the effect of titanium incorporation into the chromia scale and
the effect of metallic nodules which protrude outwardly into the chromia scales on alloy 602,

the latter occurring independently of the test gas used.

Incorporation of titanium in the scale differs between the three test atmospheres. This can
qualitatively be explained by the effect of equilibrium oxygen partial pressure on titanium

solubility in titanium doped chromia.

The tendency for external alumina scale formation on Alloy 602 CA decreased with
increasing temperature. This trend was found in all test gases used. Even changes in
equilibrium oxygen partial pressures by several orders of magnitude did not substantially
affect this temperature dependence from external to internal alumina scale formation. It was
found that the effect of temperature on external alumina scale formation was substantially
affected by the surface treatment of the specimen. Cold work introduced by this treatment up
to a depth of a few micrometers provided rapid diffusion paths promoting external alumina
formation; this effect was retained for long time at 800°C but was lost at higher temperatures
due to rapid recrystallization. Different gas compositions resulted in differences in growth rate

of the external chromia scales at the higher temperatures and should thus indirectly affect the
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critical aluminum content for obtaining external scale formation. However, these differences
in dry and various wet environments were small compared to literature data on oxidation of

NiCrAl alloys with substantially lower chromium contents than present in Alloy 602 CA.

Oxidation studies in Ar-20%0O2 on Haynes 214 showed that the formation of an external
Al>03 scale on that material strongly depends on exposure time and temperature, as described
in chapter 6.2.3.4. Similar to the experiments on Alloy 602 CA, also the oxidation tests on
Haynes 214 revealed at 800°C an oxide scale formation affected by surface cold work prior to
exposure. Also here the latter effect provides rapid diffusion paths in the surface near region
thus promoting the formation of an external Al,O3 scale during 800°C exposure. However, in
contrast to Alloy 602 CA, the external AbOs3 formed after 72 h exposure due the beneficial
effect of surface cold work cannot be maintained during exposure for 1000 h at 800°C on
Haynes 214. Consequently, the extent of locally formed internal Al,O; precipitates
accompanied by external Cr-rich oxide is significantly higher after 1000 h than after 72 h

exposure.

In addition to small amounts of Cr-rich carbides, found at 800-1100°C, the matrix of Haynes
214 contains in chemical equilibrium at 800°C and 900°C y’-precipitates. However, due to the
formation of a precipitate free zone (PFZ) the phase in contact with the alloy / oxide interface
is solely y-Ni matrix, of which the Al-concentration is lower than the bulk concentration. It is
therefore proposed that the Al-content responsible for the maintenance of an existing external
AlO3 scale, the formation of which was promoted by surface cold work, is the Al-
concentration in the y-phase and not the overall Al-concentration. The Al-concentration in the
v-phase decreases with increasing amount of y’. Consequently, as the amount of y” in the y-
matrix increases with increasing exposure time the tendency of external Al,Os; formation
decreases until the chemical equilibrium is reached. It is proposed that for the exposure at
800°C in Ar-20%O0; the formation of y’'-precipitates results in an increased tendency for
formation of internal Al,O; precipitates and accompanying external Cr-rich oxide after 1000 h
of oxidation, different from the 72 h exposure (Figure 86).

For the oxidation of Haynes 214 at 900-1100°C in Ar-20%0; the oxidation differs from that
at 800°C (Figure 86). Similar to Alloy 602 CA rapid recrystallization eliminates the effect of
surface cold work on external ALO; formation. As a result internal Al,O; precipitates and
external Cr-rich oxide are initially formed (step 1, Figure 86). Due to the volume increase by
internal oxidation of Al, metal protrusions are found in the external Cr-rich oxide, in a similar
manner as described for Alloy 602 CA. Subsequent formation of a continuous internal Al>O;
layer at the reaction front of the internal oxidation zone (IOZ) changes the oxidation process.
The continuous layer separates the metal protrusions from the bulk alloy. Due to ongoing Cr-

oxide formation the protrusions deplete in Cr and after a certain extent of depletion Ni starts
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to oxidize (step 2, Figure 86) until finally complete oxidation of the protrusions occurred and
the oxide scale consists of Cr-rich oxide, NiO, some Al,O3 particles and a continuous Al>O;
layer beneath (step 3, Figure 86). Finally, Cr-rich oxide, NiO and Al,Os3 particles start to react
forming a single phase Ni/Cr/Al spinel type oxide (step 4, Figure 86).

Exposure of specimens of Haynes 214 in different H,O containing gases revealed an
increased tendency to internal oxidation of Al in Ar-7%H>0. A mechanism from literature,
which is based on hydrogen diffusion into the alloy, was proposed to describe this effect of
H>0 without intentionally added O». In addition, it was proposed that a decreased pO> in the
test gas will decrease the growth rate of AlbOs; and result in lower kw’-values. These two
effects result in deviations from the mechanism proposed for the oxidation of Haynes 214 in
Ar-20%02, described above. Thus, the number of areas showing internal Al,O3 precipitates
and external Cr-rich oxide found after oxidation in Ar-7%H20 were higher than after
exposure in Ar-20%0,. Furthermore, oxidation tests in Ar-4%H>-7%H>0 revealed the
formation of an oxide scale containing no NiO, as this oxide is not thermodynamically stable
in the mentioned test gas. Consequently, the area specific weight gain in Ar-4%H2-7%H>0
was lower compared to that in the other test gases. Internal Al,O3 formation and the fact that
NiO is not stable under these conditions are proposed to lead to the observed Ni-rich particles
on the oxide surface of the specimens exposed in Ar-4%H>-7%H-0, resulting from metal
protrusions. As a result of the fact that NiO is not formed in this gas, the single phase outer
mixed oxide contains after 72 h at 1100°C no Ni. This is another difference with the
mechanism proposed for the oxidation of Haynes 214 in Ar-20%0>, which showed, similar to
the results in Ar-7%H>0 and Ar-20%0:-7%H0, the formation of a single phase Ni/Cr/Al
mixed oxide in the final step (step 4, Figure 86).

Comparing the oxidation behavior of Alloy 602 CA and Haynes 214 shows that during 800°C
exposure Alloy 602 CA formed a protective external AlO3 scale up to 1000 h due to the
beneficial effect of surface cold work while Haynes 214 showed initially (72 h) external
AlLO; formation but after 1000 h exposure significant internal oxidation of aluminum due to
the formation of y’-precipitates at this temperature. It is suggested that the aluminum bulk
alloy concentration in the y-phase is crucial for the formation of an Al,O; layer and not
primarily bulk concentration. However, even when considering the y” formation at 800°C in
Haynes 214 the aluminum concentration in the y-phase (2.9 wt.-%) is still slightly higher than
the bulk concentration in Alloy 602 CA (2.43 wt.-%), forming no y” in the investigated
temperature range. Thus, beside y’-precipitation and aluminum content, also the concentration
of other alloying elements, e. g. Cr and Fe, can affect the formation of an external Al>O3

scale.
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In contrast to the behavior at 800°C, Alloy 602 CA exhibited at 900 — 1100°C internal Al>,O3
precipitates, the amount of which increases with increasing exposure temperature, whereas
Haynes 214 formed after initial internal oxidation of aluminum a continuous inner Al,Os layer
when exposed in Ar-20%0>. The higher concentration of aluminum in combination with the
lower or zero amount of y” in the temperature range 900 — 1100°C is believed to promote the

formation of a continuous Al,O3 layer on Haynes 214.

Additional oxidation experiments on Haynes 224 with a lower Al- but higher Cr- and Fe-
content than Haynes 214 revealed after 72 h oxidation at 800 — 1100°C always formation of a
continuous ALO3 layer with different amounts of Cr-rich transient oxide. It is proposed that
the higher Cr content in combination with a lower amount of Al-rich y’-precipitates in Haynes
224 (due to the high Fe-content) is the reason for the increased tendency to external Al>O;
formation. Similar to the investigated alloys 602 CA and Haynes 214, Haynes 224 did not
show a significant change from external to solely internal formation of Al,O3 by H>O
additions, like described in literature for other types of NiCrAl base alloys. The results
indicate that this is related to the fact that in the alloys studied here, the Cr-content (> 16 wt.-
%) is substantially higher compared to the alloys for which in literature a substantial effect of

water vapor on external alumina formation was described.

For discussing possible effects of specimen geometry on its oxidation behavior the porous
metallic substrate, needed as support structure for gas separation membranes, is assumed to
consist of spheres. These considerations showed that the absolute value for which the change
from external to internal alumina formation occurs is expected to be quantitatively different
for a sphere compared to that of the flat rectangular specimens investigated in the prevailing
work. However, it is believed that the major findings in the present study with respect to
effect of alloy composition, temperature and gas composition on external and internal scale

formation will not fundamentally change if different sample geometries are considered.
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Appendix A — Buoyancy Effect

To calculate correctly the area specific weight gain as a function of time from
thermogravimetric measurements the buoyancy effect has to be considered. It states that when
a body is immersed in a fluid, the fluid exerts an upward force on the body equal to the weight
of the fluid which is displaced by the body [A1]. The weight of the displaced fluid, namely
the test gas, around the body, namely the specimen, can be determined by its density and the
volume of the specimen. As the volume is assumed to be constant and the density decreases
with increasing test temperature, the weight of the displaced gas is lower at higher
temperatures. The weight gain difference caused by the change in buoyancy during specimen

heating can be calculated by the following equation:

AmA — (pgas,Tl - pgas,TZ )> VSample (Al)

A Sample

Am, = Area specific weight gain difference caused by buoyancy effect [mg/ cm?)
P = Density of the respective gas environment at temperature T} [mg / em?]

P s = Density of the respective gas environment at temperature T [mg / cm3]

Vsumpe = Volume of the sample [em?]
Ay, = Surface area of the sample [em?]

By assuming the gas to act according to the ideal gas law [A2], the density of the gas can be

determined by:
M, M,>
P =22 = 0 (A2)
Y gas RXT
M, =Molar mass of the respective gas [g/ mole]
Ve = Molar volume of the respective gas [m3/ mole]
s N
Do = Standard pressure =1.01325X0" —
m
R = Ideal gas constant =8.314.J /mol>K
T = Temperature K

By combining equations Al and A2 it follows for the weight gain difference between T and

T» caused by the buoyancy effect:

M, Xp, X
AmA — gas p(] Sample i _ i (A3)
RxA4 T, T,

Sample
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This weight difference of the gas displaced by the specimen between room temperature (T =
20°C) and the respective test temperature (T2) has to be subtracted from the weight gain data

recorded during the high temperature TG experiments.
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Appendix B — Instantaneous Oxidation Rate Constant

Ideal parabolic oxidation can be described by equation (15), including the parabolic rate
constant kw, which is independent of time [B1]. However, only a limited number of metals
and alloys show ideal parabolic behavior [B2] and thus for most materials the apparent
parabolic rate constant is a function of exposure time [B3]. Consequently, an instantaneous

apparent parabolic rate constant kw’ is commonly used to describe non-parabolic oxidation
kinetics. This can be determined by numerical differentiation either of a Am?(¢) - or Am(t% )-
plot (see equation (17)). As in the literature it is shown that in many cases the Am(t%) -plot

allows a more accurate determination of the instantaneous oxidation rate kw’ [B2]. The value

of kw’ is derived in the following manner [B4]:

Am® =2k, % 17)
=> Am = (2%, %) (B1)
= 48m) _ (o, % (B2)
d(zé )
2

1 | dAm
=k, '=— ( 5 ) (B3)

2 d(zé )
k,' = Instantaneous apparent parabolic rate constant [mg2 Jem* xgl

By using this procedure for deriving kw’, the oxidation kinetics of alumina growth on Fe-Cr-
Al alloys is reported in the literature to be sub-parabolic [B4]. In addition, for the formation of
NiO on pure Ni below 1000°C it is found that the oxidation kinetics show a sub-parabolic

behavior, too [B5, B6]. Such deviations from ideal parabolic behavior cannot be determined

from stand Am?(¢) - or Am(t%) -plots [B4]. Consequently, the calculation and plotting of the

instantaneous apparent parabolic rate constant kw’ as a function of time, like described, is

indispensable.
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