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Abstract

This thesis describes the research performed as part of the materials package of the
FP7 project H2-IGCC to design, develop and evaluate new bond coat (BC) alloys that
form in situ alumina oxide scales. Literature on bond coat alloys and processing
techniques used for Ni based superalloys is reviewed. The experimental techniques used to
prepare and characterise the alloys of this research are described. Five NiCrCoAl based
bond coat type alloys, namely Ni-23Co-20Cr-8.5A1 (EK1), Ni-23Co-20Cr-8.5A1-4Ta
(EK2), Ni-23Co0-20Cr-8.5A1-4Ta-0.6Y (EK3), Ni-23Co-20Cr-8.5A1-4Ta-0.6Y-0.8Hf
(EK4) and Ni-23Co0-20Cr-8.5A1-4Ta-0.6Y-0.8Hf-2Si (EKS) (wt%), were studied in the as
cast, heat treated (1200 °C) and oxidised (975 °C in air) conditions.

The y-Nig and B-NiAl phases were stable in all the alloys. The synergy of Ta and Y
and of Ta, Y and Si enhanced the stability of the ¥-NisAl. The addition of Y stabilised Y
containing intermetallics. The ¥ + [3 eutectic was not observed in the alloys EK3 and EKS5,
which would suggest that Y and Si suppress its formation. During solidification the
formation of the y-Nis and B-NiAl was accompanied respectively by partitioning of Al, Si
and Ta to the melt, and Co, Cr, Si and Ta to the melt and Al to the B-NiAl. The
partitioning of Al and Co between the y-Nigs and B-NiAl was not changed by the synergies
of different alloying elements however the partitioning of Cr to the y-Nis was increased by
the synergy of Ta and Y and Ta, Y and Si. The alloying with Ta resulted to the highest Al
+ Cr and Cr contents in Nis and NiAl in the as cast condition and this was maintained after
heat treatment. The Al + Cr content in the ¥ + 3 eutectic was essentially the same in the
three alloys where the eutectic was formed but the Al/Cr ratio increased dramatically when
the Ta was in synergy with Hf. Alloying with Ta had a dramatic effect on the volume
fractions of ¥-Nig and B-NiAl. In the as cast condition the vol% of the B-NiAl was higher
than the vol% of the y-Ni in the alloys EK2 and EKS, suggesting that alloying with Y and
Hf tends to favour the y-Nig rather than the B-NiAl. There were changes in the vol% of the
aforementioned phases after the heat treatment, with the vol% of the $-NiAl increasing in
all alloys. The higher vol% of B-NiAl was still observed in the alloys EK2 and EKS5. The
addition of Si enhanced chemical inhomogeneities in the microstructure and there was
formation of Si and Y rich areas in the solidified microstructure where Ta and Hf had also
partitioned. After heat treatment the formation of intermetallic phases in those areas was

accompanied by severe micro-cracking in the microstructure and internal oxidation.



Oxidation benefited from the reactive element addition(s). With the addition of
reactive elements a significant amount of Al outward transport was reduced. Alloying with
Si did not improve the oxidation rate and increased the depth below the scale where
internal oxidation occurred. The “effectiveness” of reactive elements was compromised
when the latter were simultaneously in synergy with Ta. The Niss and NiAl respectively
were the main supplier of Al and Cr for the growth of the scale. Overall, the “best”
oxidation behaviour was exhibited by the alloy that tended to form equal volume fractions
of y-Niss and B-NiAl, i.e., the alloy EK3. Alumina, chromia, spinels and nitrides were
present in the scales formed on the alloys. GXRD confirmed the presence of transition
aluminas and o-Al2O3. The morphologies of the aluminas were consistent with those
reported in the literature. The spallation and cracking of scales was attributed to the
formation and transformation(s) of transition aluminas to o-Al>O3 and the presence of
reactive elements. Internal oxidation zones rich in Al formed below the scales. Diffusion
zones rich in Cr formed below the internal oxidation zones. Nitrogen was analysed in all
the diffusion zones. Ni rich phases were observed in the diffusion zones of the alloys EK2,
EK3 and EK4 that contained Al, Co and Cr. In the substrate below the diffusion zone y and
vY-Ni3Al was observed in the alloys EK2, EK3, EK4 and EKS5. In all the alloys the
contamination by nitrogen extended below the diffusion zones. In v, 7-Ni3Al and B-NiAl
below the diffusion zone the concentration of nitrogen was around 5 to 10 at% but that of
oxygen was < 1 at%. Below the diffusion zones a Cr rich phase was formed in EK2 and
EK3 and a Ni rich phase was formed in EK4 and EKS. The latter phase had higher
solubility for nitrogen compared with the former. New phase equilibria was established in
the alloys EK2 to EKS5 below the scale owing to the consumption of Al and Cr to form the

scale and the contamination by oxygen and nitrogen.



Introduction

Since the 1960s the increased demand for improvement of the performance of gas
turbine engines in aircraft and marine propulsion and in power generation led to significant
technological developments and the development of thermal barrier coatings (TBCs).
TBCs are multilayered systems which consist of a ceramic topcoat for thermal insulation, a
thermally grown oxide (TGO) scale (alumina), and a metallic bond coat that provides
resistance against oxidation and corrosion to the superalloy substrate. This project is part
of the FP7 project H2-IGCC on the deployment of integrated combined cycle (IGCC)
plants with COz capture and storage (CCS). The aim and main objectives of the H2-IGCC
project are to pave the way for commercial deployment of efficient, clean, flexible and
reliable integrated combined cycle (IGCC) plants with CO» capture and storage (CCS) by
2020 and to provide and demonstrate technical solutions which will allow the use of state-
of-the-art highly efficient, reliable gas turbines in the next generation of IGCC plants,
suitable for combusting undiluted hydrogen-rich Syngas with low NOx and also allowing
for high fuel flexibility. In particular, the materials work package in which this work
belongs, is expected to demonstrate cost-effective materials and coating technologies to
overcome the component life-limiting problems of overheating and of hot corrosion,
resulting from the higher temperatures and from residual contaminants in the Syngas. The
work described in this thesis aims to design, develop and evaluate new bond coat (BC)
alloys that form in situ alumina oxide scales. It is envisaged that in collaboration with H2-
IGCC partners coating technologies will be selected to deposit BC alloy(s) on currently
used substrate alloys [Tsakiropoulos, 2010].

The substrate materials in the H2-IGCC project are superalloys. The term
superalloy was primarily used after World War II in an effort to describe a group of alloys
developed for use in aircraft turbine engines that required high performance at elevated
temperatures. Until now the range of applications where superalloys are used has expanded
to many other areas including aircraft and gas turbines, rocket engines and power plants
[tms.org].

Material work package will address the interdiffusion effect between bond coat and
substrate, top coat and Calcium-Magnesium-Alumino-Silicate (CMAS). In H2-IGCC,
materials operate in H2 rich environment, where oxidation and hot corrosion are likely to
occur with the TBC. The degradation process for coatings involves loss of aluminium in

two directions; outward loss by oxide formation and spallation and inward loss by
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interdiffusion with the substrate. At the same time TBCs are susceptible to degradation by
molten CMAS which deposits in advanced engines that operate at higher temperatures.
CMAS attack may be severe near the surface and the interface with the substrate. There is
a need for protective coatings in which the bond coat may be of two types, either an
aluminide diffusion coating based on the B-NiAl phase or an MCrAlY (M = Ni, Co, or
NiCo) overlay coating based on a mixture of B-NiAl and y'-NizAl or y-Nig phases. In order
to provide thermal insulation to hot section metallic components and improved efficiency
and performance of the gas turbine engines other partners are developing TBCs which
would be multi-layered systems consisting of an outer layer, in charge of the CMAS
resistance, and an inner layer in order to ensure the appropriate low thermal conductivity
that is needed in the system [Tsakiropoulos, 2010]. In the project described in this thesis
the focus is on gas turbine engines. Even though this work is relevant to land based gas
turbines used for energy production, it is also relevant to aerospace because of the type of
BC that is studied.

Our research strategy was to understand phase selection and stability at the
BC/substrate interface in currently used systems in conventional plants, to understand the
role of the alloying additions in BC and then to design new BC alloys for H2-IGCC
environments. MCrAl-X based on where M = Ni, Co and X =Y, Ta, Hf.

10



Chapter 1 - Literature Review

1.1 Protective coatings and their microstructure

Superalloys suffer from chemical and mechanical degradation during operation at
high temperatures. To protect the alloys from environmental degradation, protective
coatings have been developed [Reed, 2008]. Thermal barrier coatings (TBCs) allowed the
turbine inlet temperature (TIT) to increase by 278 °C (500 °F) by providing thermal
insulation to hot section metallic components [Kramer et al., 2006], see figure 1.1. About
half of this increase is due to a more efficient design for the air cooling of turbine blades
and vanes, while the other half is due to improved superalloys and casting processes. The
cooling that is now possible enables high-pressure turbine blades and vanes to operate with
turbine inlet temperatures of typically 1343 °C (2450 °F), which is above the melting point
of the superalloy substrate. Turbine inlet temperatures as high as 1571 °C (2860 °F) are

now possible in several advanced aero-engines [ASM handbook, 1990].

—

—— Thermal

U\J\JVLLU\/U\/

Barrier
R Performance
g Efficient Stable oxide Efficient thermal insulator
u TGO former diffusion barrier (porous low k oxide)
i
r Strength Slow growth Strain Erosion
,?1 Toughness Adherence tolerance resistance
€ Diffusional Thermochemical Corrosion Morphological,
? stability compatibility resistance phase stability
s

D urability

Figure 1.1 The materials of a thermal barrier coating [Levi, 2014]
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The components of a TBC are (starting from the substrate) the bond coat (BC), the
ceramic top coat and the thermally grown oxide (TGO) that is formed in situ after
exposure of the material system (i.e., substrate + TBC) to temperature, see figure 1.2.
[Kramer et al. 2006]. The role of the BC is to protect the substrate from high temperature
corrosion (oxidation resistance). In the currently used material systems the TGO is
alumina. The top coat provides thermal insulation and allows the material system to
operate in environments where the temperature (turbine inlet temperature) is well above
the melting point of the substrate and BC alloys. TBCs should fulfill the following
requirements [Stover, 2007]:

e Dbe stable up to the operating temperature

¢ have low thermal conductivity (< 2 Wm'K!)

¢ have coefficient of thermal expansion (>9%10° K'!) compatible with the substrate

alloy

® Dbe chemically resistant against high-temperature corrosion

e exhibit low sintering rate

¢ have acceptable fracture toughness

Bond coats, for example, could be aluminide coatings based on the -NiAl or Ni2Al;
phases or MCrAlY (M = Ni, Co, or NiCo) overlay coatings based on a mixture of B-NiAl
and y'-NizAl or y-Nig phases [Kang, 2010]. The aluminide coatings are obtained by
diffusion and the MCrAlY ones by plasma spray or electron beam-physical vapor
deposition EB-PVD [Levi, 2004]. The ceramic top coat is typically made of Y.0s-
stabilized ZrO> (YSZ, 7 to 8 wt % Y203). YSZ has desirable properties that makes it the
material of choice for the top-coat. It has one of the lowest thermal conductivities at
elevated temperature of all ceramics, approximately 2.3 W-m™.K™! at 1000 °C [Padture et
al., 2002]. The TGO layer is about 1-10 pm thick and is formed when the ceramic top-coat
reacts with the bond coat at very high temperatures. This layer is engineered to form a-
Al>O3. Alumina exists in multiple crystalline forms, of which the two most important ones
are a-Al>O3 and y-AlbOs. The latter has the structure of spinel, has solubility for water and
is not stable in acid [Barron, 2010]. The former is the desirable high temperature form and
is also known as corundum. In its crystal structure there are hexagonal close-packed array
of oxygen (O%) ions and octahedral interstices are occupied by AlI** ions. The bond coat is

about 75-150 um thick and in some cases it may also have more than one layers having

12



different composition. The substrate can be air cooled by internal hollow channels

[Adelpour, 2010].

oStrain accommodation

Stability in combustion gas environment

| - YSZ - eLow thermal conductivity

*Good adhesion and compatibility with oxide scale on metallic coating

a-ALO; ==——)> | Adherent oxide scale

eForms adherent oxide scale that inhibits oxidation
MCrAlY-X / =)
NiAl or PtAl *Good diffusion stability with substrate alloy
IN738
Superalloy ;1\13319580 — | Alloys relevant to the H2-IGCC
CM247
Cooling Air

Figure 1.2 Structure of a protective coating, where the substrate alloys are some of the
alloys currently used in industrial gas turbines (IGTs) for power generation [Adelpour,

Strangman (1985)]

1.2 Processes used to deposit protective coatings on superalloy substrates

1.2.1 High velocity oxy-fuel (HVOF) process

The HVOF process requires the coating alloy to be available in powder form.
Powders are mainly produced by gas atomisation. HVOF coatings are often found in IGTs.
In HVOF, combustion between oxygen and fuel gas (hydrogen, kerosene, acetylene,
propylene) is used to produce a high velocity thermal spray. The method of introducing the
powder particles in the flame differs depending on the design of the HVOF system. In
some systems powder particles enter into the flame zone axially in others radially and

travel towards the substrate at high velocities. The powder partially melts and is
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accelerated onto the substrate at velocities up to 2130 m/s at a high temperature, see figure
1.3. The fully molten or partially molten (i.e., semi-solid) powder particles splat on the
substrate and solidify. The porosity in the coating depends on the volume fraction of liquid
in the spray and the solidification conditions [Plasmatron, 2013]. The strength of the
substrate-coating interface is controlled by the surface condition of the substrate (e.g., its
surface roughness) as well as the velocity of the powder particles as they splat on the
substrate.

For a given HVOF system, i.e., type of gun and fuel, atmosphere in spraying
chamber, distance from gun to substrate, the state of each powder particle arriving on the
substrate, i.e., whether its is fully or partially molten depends on its size. The volume
fraction of liquid in the spray that arrives to the substrate surface depends on the
distribution of powder particle sizes in the spray and on impact it is affected by the
temperature of the substrate. Depending on all these parameters the HVOF process
produces a coating that is low in porosity, has low amount of oxides in the as sprayed
condition, has superior bond strength, higher density and higher hardness than other
competitive vacuum spray processes [Ellison Surface Technologies (2010), Lima and
Guilemany (2007), Brandl et al. (1997)].

Compared with other thermal spray techniques for coating applications like
vacuum plasma spraying (VPS) and low pressure plasma spraying (LPPS), the HVOF
process operates at atmospheric pressure and not in vacuum, therefore operating and
production costs are considerably lower. Thus, using lower temperature jets during the

application results in some remaining unmelted powder particles [Brandl et al, 1997].

Oxygen and
Fugl Gas —p
Pawrder and —=
Carrier Gasg
Compressed
Alr

Diamonds Spray Etream—l"

Figure 1.3 HVOF thermal spray coating technique [Plasmatron, 2013].
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1.2.2 Plasma spraying (PS)

Plasma sprayed coatings are built upon particle-by-particle as the molten particles
deposit on the substrate and solidify with high cooling rates (10° to 108 K/s), see figure 1.4.
In order to accomplish uniform heating and acceleration of the sprayed material so as to
produce a high quality coating, the material in particulate form must be introduced into the
plasma at a uniform rate. Therefore, a narrow particle size range is preferred. Finer
particles give denser deposits with less porosity. However, residual stresses can be high
and oxide inclusions are formed by oxidation of the molten particles in the spray during
flight. With PS the average composition of the coating can be very close to the average
composition of the powder particle charge used for spraying, which is significant
advantage compared with EB-PVD where accurate control of composition might be
difficult owing to differences in evaporation rates. Plasma spraying cannot produce a
fully dense coating without any porosity [Reed, 2008]. Air plasma spraying (APS) or
vacuum plasma spraying (VPS) or low pressure plasma spray (LPPS) can be used. The
LPPS process allows formation of extremely dense overlays with metallurgical bonding.
This technology is applicable where HVOF and conventional plasma or flame spraying
techniques are inefficient [Surface Modification Systems, 2010]. The APS process can be
automated, has lower costs and gives good bond strength but higher coating porosity than

the VPS process.

PLASMA SPRAY PROCESS

Substrate

| | Arc

Maolten Particle
Anade

= +
# Cathode ‘
Water Ar,H; Water

Figure 1.4 Schematic illustration of the plasma spray process [TSET, 2010].
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1.2.3 Electron beam physical vapour deposition (EB-PVD)

Electron beam physical vapour deposition or EB-PVD is a physical vapour
deposition process in which a target material is bombarded with an electron beam
generated for example by a charged tungsten filament under high vacuum. The target
material is in a water cooled copper crucible and the level of the molten metal is adjusted.
A plum of evaporated atoms is produced by the electron beam. These atoms then
“condense” on the substrate (the EB-PVD process is known as a line of sight process)
where, following surface nucleation and growth, the coating is formed. The evaporation

rate can be about 102 g/cm?

sec. In EB-PVD deposition rates can be in the range 0.1
um/min at relatively low substrate temperatures. The material utilization efficiency is very

high. A schematic diagram of an EB-PVD system is shown in figure 1.5.

To Yacuum Pumps

Electron Gun

o> Electron beam

Wapor Stream
l |:: Manipulator
Substrate Holder

I

To Yacuum Pumps

Four Indep
Sources

Three Ingot Feeders

Figure 1.5 Electron beam physical vapour deposition [wikelectro, 2010].

A TBC that is formed using EB-PVD can have columnar colonies that grow
competitively with each other and perpendicular to the substrate and are weakly bonded to
their neighbour columns. This mode of growth gives the coating strain tolerance which is
essential for its survival in service given the intrinsic brittleness of the coating and the
stresses from thermal cycling in service. The coating quality is impaired when the surface

to be coated is not perfectly clean, because small imperfections are not covered up and this
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can result in a growth abnormality that is magnified as the coating thickens. Process
parameters that are important for controlling the structure (i.e., size, regularity and
orientation of columns) and architecture (i.e., uniformity of structure along substrate) of
the coating are the rotation speed of the substrate and its temperature [Reed, 2008]. When
the substrate temperature is 850 °C to 1050 °C the TBC density, hardness, erosion
resistance and spallation life are improved. Internal tensile stresses build up in a coating
deposited on a hot substrate. These can be converted to compressive stresses using high

energy ions to bombard the coating [Wolfe and Singh, 2000].

Dendritic structure of a
TBC produced by EB/PVD

+— ZrD; +Y;0;

- +— Al 03

Figure 1.6 Columnar structure of a TBC produced by EB-PVD [ALD Vacuum

Technologies].

1.3 Overlay coatings

Overlay coatings are one type of oxidation resistant coatings designed to protect
and insulate the substrate from high temperatures. There is a strong interdependence
between the overlay coating and the substrate composition, regarding their corrosion
resistance and mechanical properties. Overlay coatings are often of the MCrAlY type
where M is the alloy base metal, usually Ni, Co, or a combination of these two. These
alloys are designed to provide good balance between oxidation resistance, corrosion
resistance, and coating ductility but suffer from interdiffusion with the substrate [Nicholls
(2000), Itoh and Tamura (1999)]. Oxygen-active alloying elements are added to this type
of coatings such as Hf, Si, Ta, Y, W, Zr, Re, Nb, Ti etc. singly or in combination to

increase oxide-scale adhesion and decrease oxidation rate.
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In order to produce improved overlay coatings that are more resistant to hot
corrosion (see section 1.7) (lower temperature -Type II hot corrosion) there is a need to
increase the Cr content [Russo and Dorfman (2003), Nicholls (2000)]. These more
complex alloy systems are often generically known as M-Cr-Al-X or M-Cr-Al-X-Y
systems, where X refers to oxygen-active elements other than yttrium. Over-aluminising is
used to enrich with Al the surfaces of coatings in coating systems used in IGTs fuelled
with natural gas and achieving higher than normal temperatures [Kedward, 1969].

Interdiffusion occurs between the aluminium containing BC and the substrate alloy
resulting in intermetallic formation, primarily B-NiAl or CoAl, depending on the elements
in the substrate. The rate of interdiffusion decreases in the order
NiCrAlY>CoCrAlY>CoNiCrAlY>NiCoCrAlY, where NiCo represents higher Co
contents in comparison with Ni and CoNi [Stringer (1987), Itoh and Tamura (1999)].

Nowadays, overlay coating are applied to substrates using thermal and plasma
spraying, (see sections 1.2.1 and 1.2.2) and electron beam physical vapour deposition (EB-
PVD), (see section 1.2.3.) [Pomeroy, 2005]. The overlay coatings are thicker (mostly 125—
200 um though sometimes their thickness can reach ~300 pm) than diffusion coatings.
Thus, the former coatings last longer than the latter ones under the same corrosion
conditions. The cost of an overlay coating is typically two to four times the cost of a

conventional aluminide or platinum-aluminide coating [Nicholls, 2000].

1.4 Diffusion coatings

Diffusion coatings are formed by enriching the surface of an alloy with either
aluminium (aluminides), chromium (chromized), or silicon (siliconized) to improve
environmental resistance of the substrate [Nicholls, 2003]. The diffusion coating process
provides a chemically bonded coating which acts as a barrier against the diffusion of
oxygen into the substrate. There exist different processes but pack cementation (see below)
is the most widely used process owing to its low cost and adaptability.

Aluminide diffusion coatings are based on the B-NiAl intermetallic. The presence
of B-NiAl in a coating increases the Al activity at the surface, so that a protective a-Al2O3
scale can form at high temperature (see figure 1.7a). The stability of the NiAl intermetallic
phase is affected by interdiffussion phenomena at the coating system interfaces and the

loss of Al (e.g., due to the TGO formation) in service. Inward diffusion happens when
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there is low temperature and high activity (where aluminium or chromium diffuses
inwards) and outward diffusion takes place when there is high temperature and low
activity [Pochet, 1996]. Additionally, as the scale grows, several processes may reduce the
adherence of the oxide scale to the alloy. This results in spallation of the scale, after which
catastrophic oxidation may follow [Pochet, 1996], [Stiller, 2010]. The addition of Pt to
conventional aluminide coatings improves the high temperature oxidation resistance,
increases the protective life and introduces a diffusion barrier [Stiller, 2010], [Pochet,
1996]. Pt aluminide coatings are deposited with similar methods on the aluminide coatings

but after electroplating the substrate with Pt (see figure 1.7b).

[Substrate

Figure 1.7 SEM back scatter electron images of (a) NiAl based pack aluminide on IN738
and (b) PtAl coatings [Nicholls, 2003].

1.4.1 Pack cementation

The pack cementation process falls in the category of chemical vapour deposition.
The parts are loaded into box(es) that contain a mixture of powders: active coating
material containing aluminium, activator (chloride or fluoride), and thermal ballast, such
as aluminium oxide. These form the pack which is then heated at a temperature in the
range 700 to 1100 °C in an Ar or H, atmosphere where gaseous aluminium halide forms,
and diffuses to deposit Al metal. After the end of the process the so-called "green coating"
is produced, which is too thin and brittle for direct use. A subsequent diffusion heat
treatment leads to further inward diffusion and formation of the desired coating. The

deposition can be characterised as being a low or a high activity deposition depending on
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the Al activity on the substrate surface. Ni diffusion drives the coating formation in low
activity coatings (which are deposited at high temperatures, usually in the range 1000 to
1100 °C) and Ni rich NiAl forms (it should be remembered that the NiAl has a
homogeneity (solubility) range). Diffusion of Al drives the formation of high activity
coatings that are usually deposited at 700 to 950 °C. In this case the intermetallics Ni2Als
and B-NiAl can form. To even-out gradients in Al concentration and form NiAl in the

coating the coatings are given a so called diffusion heat treatment at 1050 to 1100 °C.

The choice of coating in pack cementation is highly influenced by the substrate
composition owing to interdiffusion between coating and substrate that “defines” the final
coating microstructure. In this respect the case of Ti must be mentioned as it is a common
alloying addition in Ni based superalloy substrates. Titanium diffuses into the coating and
this leads to the formation of titania that is believed to break the continuity of alumina

oxide scale.

Advantages of the pack cementation process

the coating is metallurgically bonded to the substrate

= batch processing for high production rates

= can be used to coat large or small components

= coats both external and internal surfaces, even deep, small bores
= can be tailored to meet specific requirements

= economical process

1.5 Bond coat- Pt aluminides

As briefly discussed in section 1.4 NiAl coatings tend to suffer from interdiffusion
with the substrate, see figure 1.8. This leads to formation of y'-NizAl and the vol% of [3-
NiAl is reduced. Pt provides a diffusion barrier. Platinum additions limit the outward
diffusion of alloying elements like Ti, Ta etc. from the substrate, reduce the growth of
internal voids, and thus improve scale adhesion and cyclic oxidation resistance [Nicholls
(2003), Nicholls et al (1989)]. Other metals such as rhodium and palladium provide similar
benefits to Pt [Pochet, 1996].
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Oxidation/corrosion resistance is superior when the material is richer in Pt content,
however, in this case the coating has less ductility and is phase unstable. Less than 10 um
of Pt are needed onto a Ni based alloy followed by aluminizing the Pt plated substrate at
approx. 1050 °C using pack cementation. Single phase platinum aluminides are a
continuous outer layer of PtAl with Al concentration around 15 to 25 wt% (see figure
1.9.). While they appear to perform well in high temperature oxidation/corrosion resistance
which is the case in Type I hot corrosion environments (800-950 °C), they perform less
well under Type II hot corrosion conditions [Nicholls, 2000] but they have enhanced
ductility and better thermal phase stability. PtAl is a line compound and thus it is difficult
to deposit. As Al gets lost from the coating the phase equilibria shifts in the Pt-Al system
and new phase can form (stabilise), for example PtAl + AlsPts [Perez et al., 2005]. These
changes in phase equilibria will be accompanied by volume changes, and as the matrix is
inherently brittle (essentially it is an intermetallic based alloy) voids and cracks will form
[Pochet, 1996]. The so-called duplex aluminide coatings consist of NiAl and Pt rich
aluminide and their formation is accompanied by volume expansion compared with

volume contraction in the case of the Pt rich intermetallics.

B-NiAl layer

A

Interdiffusion zone _;
A

Substrate

Figure 1.8 SEM image of a cross-section of a NiAl bond coat deposited at 1000 °C
[Yu et al., 2004].
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PtAl Layer

Substrate

Figure 1.9 SEM image of PtAl coating on superalloy substrate [Creech and Barber, 1991].

1.6 Bond coat - MCrAlY based alloys

Typical MCrAlY-X bond coats (where M= Ni, Co (or combination of the two) and
X= Re, Ta, Hf, Zr, Ti, Ta, Pd, Si) contain at least 4 elements, see Table 1.1. The typical
microstructure of MCrAlY coatings is B-NiAl+y-Nigs. The y-Nigs phase improves the
coating ductility (good for resistance to thermal fatigue). Cr gives these coatings excellent
corrosion resistance combined with good oxidation resistance. The amount of Cr that can
be added is limited depending on the effect it is expected to have on the substrate and the
formation of Cr-rich phases in the coating [Thomas-Sourmail, 2013]. Al controls oxidation
and thus its concentration is usually in the range 8 to 12 wt%. Increasing the Al
concentration, though beneficial in terms of oxidation resistance, is bad for ductility. Si
increases resistance to cyclic oxidation, but has an adverse effect on the liquidus
temperature of the coating. It has also been suggested that Si affects phase stability. Si is
thought to be very promising to overcome the problems of inherent brittleness, spalling
and interdiffusion effects. Alloying is used to modify the composition of MCrAlY BC
alloys, for example Si can replace Al and/or Cr [Grunling and Bauer, 1982]. The role of Y
and Hf (which are known as reactive element (RE) additions in the literature that is
relevant to BC alloys) is to improve the scale adhesion [Smeggil, 1987] while Y is also
believed to “trap” S and thus prevent its segregation. In some MCrAlY BC alloys Re has
been added to improve oxidation and fatigue properties [Czech et al., 1994] and it is also
claimed that Re improves scale adhesion [Wright and Pint, 2005]. Tantalum (which is a
key alloying addition in the alloys developed in the research described in this thesis) is also

added to MCrAlY BC alloys to improve oxidation resistance.
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The deposition of MCrAlY based alloys with/out the aforementioned alloying
additions using pack cementation is challenging owing to the difficulties of controlling the
activities of the elements in the pack to get the target composition for the coating
[Smeggil, 1987]. Instead, APS, LPPS and EB-PVD are used for the deposition of MCrAl'Y
bond coatings. After deposition, a heat treatment in vacuum allows interdiffusion with the

substrate alloy and thus the adhesion of the coating is enhanced.

Table 1.1. Typical MCrAlY bond coat compositions (wt %) considered for coatings
in IGCC plants, [Tsakiropoulos, 2010].

Coatings Ni Co Cr Al Y Ta Si Re
SV20 Bal - 25 55 0.6 1 2.7 -
GT29 - Bal 29 6 0.5 - - -
GT33 Bal 37 22 9 0.5 - - -

CoNiCrAlY 32 Bal 21 8 0.5 - - -
SC2931 30 31 30 8 0.6 - - -
SC2453 52 10 23 12 0.6 - 0.7 1.7

CoNiCrAlY 32 Bal 21 8 0.5 - - -

1.7 Type I and type II hot corrosion

Hot corrosion is a type of corrosion that results from the presence of salt
contaminants such as sodium sulphate (Na>SQO4), sodium chloride (NaCl) and vanadium
pentoxide (V20s) that combine to form molten deposits which damage the protective
surface oxides. Alloy, environment and salt composition are important for “defining” the
temperature where hot corrosion is important. Environments such as those encountered in

coal gasifiers (used in syngas H2-IGCC plants) and gas turbines [Keienburg et al., 1985],
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lead to the formation of solid and molten salts that take part in corrosion [Bose, 2007].
Hot corrosion has three forms of attack, Type I or high temperature hot corrosion, Type II
or low temperature hot corrosion and vanadic corrosion. Depending on the alloy
composition, the temperature and temperature cycles, the erosion processes etc, there will
be a development of the above types of hot corrosion [Eliaz et al. 2002]. Hot corrosion
develops in two stages, the initiation stage and the propagation stage. In the first stage
where initiation takes place, hot corrosion is low as the breakdown of the surface oxide
scale occurs. After that repair of the oxide is impossible and the propagation stage begins,
that results in rapid consumption of the alloy. The initiation stage can be extended to be as
long as the designed life limit unless the repair of the protective surface oxide scale is
possible. Otherwise, once the coating penetration begins, the propagation stage is
inevitable, the salts have access to the unprotected metal and exceedingly high corrosion
rates occur till spallation of the component [Nicholls, 2000].

In Type I hot corrosion (800-950 °C) S is transported from (typically) Na>SOx4 (i.e.,
from a sodium sulphate deposit) into the alloy via the oxide scale formed on the latter to
form stable sulphide(s) with sulphide forming elements, e.g., Cr. The latter are molten at
the above temperatures (e.g., NiSz is molten at 645 °C, CoxSy has liquidus at ~ 840 °C) and
thus their formation has catastrophic consequences for the base alloy (component
degradation) [Eliaz et al. (2002), Viswanathan (2001)]. BC alloys that have resistance to
Type I hot corrosion are MCrAlY alloys with 25 wt%Cr and 6 wt%Al and platinum
aluminide coatings [Goward, 1998].

Type II hot corrosion occurs in the temperature range 650—800 °C and involves the
formation of base metal (nickel or cobalt) sulphates which require a certain partial pressure
of sulphur trioxide for their stabilization. Therefore, chromising is of particular use for
resistance towards Type II hot corrosion and has also been found to be of major benefit in
protecting Ni-based alloys from corrosion by sulphatic deposits in chemical plants. These
sulphates react with alkali metal sulphates to form low melting point compounds which
prevent the metal from forming a protective oxide [Pomeroy, 2005]. Different types of
bond coat alloys are shown in figure 1.10 where under high temperature oxidizing
conditions, NiCrAlY and NiCoCrAlY overlay coatings outperform the cobalt based
coating systems.

When fuels combust, accelerated corrosion occurs when vanadium containing
deposits are found on components operating at high temperatures such as gas turbine

engines. Vanadium oxides such as V,0s are produced and react with sodium sulphate
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(Na2SO4) in the environment forming low melting sodium vanadates (NaxVyO). Such
deposits are very acidic and aggressive, particularly if they form a liquid phase which

attacks the oxide scales [Bose (2007), Hancock (1987)].

Oxidation resistance

Corrosion resistance — Cr content

Figure 1.10 Optimum coating compositions for oxidation and hot-corrosion resistance

[Schiitze, 2000].

Transient (or transition) aluminas can form in the initial stages of oxidation and
then transform to the desirable a-A1,03, this is particularly true when oxidation occurs
above 950 °C. In the early stages of oxidation Ni spinels can form, for example
Ni(Cr,A1)204, and NiO. The growth of the latter is fast and then chromia forms beneath it
a continuous layer. Then below the latter alumina forms in its metastable (i.e., transient or
transition) form(s), before it transforms to a-A1-0O3 [Prescott and Graham, 1992].

Uncoated superalloys with high Cr content (in the latest generation of superalloys
the Cr content is significantly reduced owing to the additions of elements like Re that
ehnace the formation of TCP phases like Laves, 6, |L) rely on in situ chromia formation for
oxidation resistance. At high flow rates of the oxidising environment and T>1000 °C
chromia becomes less effective as a protective scale owing to the formation of the volatile
CrOs oxide. The protective properties of chromia are also lost in the presence of water

because of the formation of volatile Cr(OH)s. As mentioned earlier, the TGO in state of the
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art coating systems is a-A 1203, but SiO» has also been considered when developing coating
systems as a protective oxide [Tsakiropoulos, 2012]. However, at elevated temperatures
reduction of silica to the volatile SiO may occur or complex molten oxides can form

[Wallwork and Hed, 1971].

Hot corrosion mechanisms have been studied experimentally and nowadays guide
coating and superalloy development. Elements like chromium, platinum and silicon are
preferable to be used and elements like molybdenum, tungsten and vanadium are meant to
be avoided in the development of hot corrosion resistant coatings [Goward, 1998]. An
example of modern coatings designed to operate under high temperature oxidation is the
“SMARTCOAT” [Nicholls et al., 2002]. It consists of an MCrAlY base bond coat alloy,
enriched first with chromium to enhance type II corrosion protection and then with an
aluminium rich (B-NiAl) composition to increase high temperature oxidation resistance
and type I hot corrosion (see section 1.7). The coating forms protective alumina scale at
T>900 °C but at lower temperature re-formation of alumina is not quick enough to offer
protection. Rapid formation of chromia was ensured by the coating design via the
incorporation of an intermediate Cr rich layer to ensure formation of chromia to provide
protection against Type II hot corrosion. That was done either through sourcing beneficial
elemental additions (reservoir behavior) or by trapping detrimental elements (scavenger

behavior) [Nicholls et al., 2002].

1.8 Crystal structure of aluminium oxide

It should be clear from the previous discussion that alumina is preferred to chromia
for oxidation resistance at high (> 1000 °C) temperatures. The volatility issues disc used
above for the Cr-O system are not met in the Al-O system. Furthermore, cations diffuse
slower through alumina compared with chromia. The free energy of alumina formation is
more negative than that of chromia (in other words alumina is more stable than chromia).
Thus, if the alloy contains Al and Cr and chromia is formed as the scale, internal oxidation
of Al will occur. The latter is undesirable. [Wallwork and Hed, 1971]. Thus, the optimum
scale that coating designers wish to form is a-Al2Os.

As already discussed Al can form different oxides. Corundum (a-Al2O3) is the

natural form but alumina can also be found naturally in hydrated forms [Adelpour, 2010].
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The a-A120s3 is the stable form at high-temperature. In the crystal structure of a-A1,03
there are hexagonally close-packed oxygen ions and two thirds of the octahedral interstices
are filled by trivalent cations. There are aluminas that are stable at lower temperatures.
These have different structures compared with a-A1,03 and with increase in temperature
transform to a different alumina structure (transient alumina) and eventually to a-A1,03 at
high temperature. This very point will be revisited when the results of the oxidation study
of the alloys developed in this thesis are discussed. At this stage it is suffice to say that
their transformation is a reconstructive process with a continuous ordering of cations and
restructuring of anions to the hexagonal close-packed arrangement in the rhombohedral

structure [Prescott and Graham, 1992].

The microstructure of the TGO is usually columnar and the formation of the latter
is attributed to the diffusion of O* ions and Al (respectively inward and outward
diffusion). It has been suggested that the texture resulting from the columnar nature of
growth of the alumina grains assists the control of the evolution of residual strains and the
deformation of the TGO. The reactive element additions discussed earlier, for example Y,
are believed to segregate to the g.bs of the TGO grains and in doing so to slow done (or
even suppress) the diffusion of Al along the g.bs. This then allows the inward diffusion of
oxygen ions to “control” the growth processes in the scale and to lead to the formation of

an inward growing scale of columnar microstructure [Karadge et al., 2005].

1.9 Interdiffusion between bond coat and substrate

Coatings in general are not in thermodynamic equilibrium with the substrate alloys.
Due to the compositional difference between the coating and the substrate, interdiffusion
of various elements occurs when the coated alloy is exposed to high temperatures.
Aluminium, which is one of the main constituents of the substrate and the coating, may
affect both oxidation resistance and the overall phase stability of the coating. The main
cause for the degradation of coatings is the loss of aluminium in two directions; outward
loss by oxide formation and spallation, and inward loss by interdiffusion with the
substrate, see figure 1.11. When aluminium diffuses towards the coating’s surface it
usually enhances formation of protective Al,Os scale. When it diffuses inwards, towards

the substrate can cause significant degradation, [Bose (2007), Smialek and Lowell (1974)].
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An aluminium reservoir can be the NiCoCrAlY bond coat itself with its high aluminium
content that will help the formation of a thermally grown oxide (TGO) layer. If this TGO
layer is destroyed, it is supposed to heal out. Thus, if there is depletion in aluminium due
to diffusion, there is not enough aluminium left for a new formation of TGO. On the other
hand, alloying elements from the bond coat may diffuse outwards and disturb the adhesion
of the TGO layer, e.g. titanium. The introduction of a diffusion barrier between substrate
and bond coat is a suitable means to overcome this problem. Thus a "diffusion barrier" to
prevent or retard the migration of aluminium from the coating into the substrate was
required and this led to the development of Pt-A1 coatings [Jackson and Rairden, 1977],
see section 1.5 above.

In both MCrAlY and NiAl-based coatings, the Al-rich -NiAl phase plays the role
of an Al reservoir for the formation of continuous, stable, and protective Al>O3 scale. -
NiAl has a solubility range which means that alloying is possible and coatings deposition
easier but loss of Al means that two-phase equilibria will occur [Perez et al., 2005].

After high temperature exposure the Al-rich $-NiAl phase is dissolved because of
depletion of Al from the coating [Perez et al., 2006]. The remaining B-NiAl phase regions
often have the characteristic structure of a martensite. As Al is depleted, the average
composition of the bond coat becomes increasingly enriched in Ni until reaching the single
phase boundary at which point further depletion leads to the formation of y'-Ni3Al and if it
goes further on at even longer exposure times, the composition can extend into the y region
of the phase diagram. In addition, martensitic structures within the -NiAl phase field are
formed as the phase boundary is approached. Whereas the Ms of the pure B-NiAl
compositions is known to be generally around room temperature to 300 °C, the Pt, Co, and
Cr in the bond coat increase the martensitic transformation temperature (Ms) temperature

[Clarke and Levi, 2003].
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Figure 1.11 IN738 substrate coated with a MCrAlY BC alloy and heat treated at 925 C for
250 h. The image shows a precipitate free area in the inter-diffusion zone and the

formation of y'-rich layer on the substrate side [Dahl et al., 2006].

Loss of Al can occur by inter-diffusion and oxidation and the former can be more
severe than the latter. Spallation of the scale (and thus exposure of the substrate to the
oxidising environment) will accelerate the latter method of Al loss. The coating is
considered to be non-effective when the NiAl is no more stable in its microstructure and
when its Al content is <10 at% [Perez et al., 2006]. Figure 1.12 summarizes the main
changes that occurred during high-temperature exposure of a coated turbine blade. The
system consisted of zirconia based TBC with (Ni, Pt)Al BC and a ReneN5 (50Ni-17Cr-
13Co-12A1-7Ta-4W-3Re-1Mo-Pt in at%) alloy as substrate. The alumina TGO formed
(attributed to the oxidation of NiAl). There was outward Ni diffusion from the substrate
and inward diffusion of Pt from the BC. In the outer B layer the NiAl exhibited tweed or
martensitic substructure, which would suggest the transformation indicated in the figure
1.12. In the middle layer the B-NiAl (that may contain p particles in the as-deposited
condition) transformed to a B/y' matrix that contained coarse p particles (these could be
present in the as-deposited condition) and M23Cs carbides. The NiAl had a tweed
substructure or had transformed to martensite on cooling. The inner layer was a mixture of

v' and NiAl with a tweed microstructure (and contained o, ¢' and p phases in the as-
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received condition) transformed to y' in service and the 6, ¢' and p phases coarsened and

M323Cs carbides formed [Zhang and Heuer, 2005].
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Figure 1.12 Schematic drawing showing interdiffusion in bond coat during service [Zhang

and Heuer, 2005].

1.10 Phase equilibria

The three phases of interest to the research presented in this thesis are the y-Niss
solid solution and the intermetallics -NiAl and y'-Ni3Al, all of which are found on the Ni
side of the NiAl binary phase diagram. Crystallographic data of these phases is shown in
Table 1.2.
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Table 1.2 Crystallographic data for the phases of interest to this study.

Phases Space group Crystal structure
v-Niss Fm3-m FCC
B-NiAl Pm3-m BCC (B2)

v'-NizAl Pm3-m FCC (L12)

Numerous publications exist for the Ni rich part of the Ni-Al phase diagram
regarding the phase equilibria and solidification of Ni rich alloys but there is disagreement
for the NiAl and NizAl phases. Thus, there are disagreements for the phase diagram near
the y'-NizAl composition. Some researchers including Singleton et al. (1986), Hansen and
Anderko (1985) and Alexander and Vaughan (1937) show a peritectic reaction between 3
and y' (see figure 1.13a) whereas other studies by Dupin (1995), Lee and Verhoeven
(1994), Verhoeven et al. (1991), Bremer et al. (1988), Hilpert et al. (1987) and Schramm
(1941) show a peritectic reaction between y and y' and a eutectic reaction between y' and 3
separated by only 1 to 3 °C (see figures 1.13b) and 1.14). Based on the low velocity
solidification studies by Lee and Verhoeven (1994) the phase diagram in figure 1.14 is
considered to be the correct one. Trivedi (1995) observed lamellar and fibrous eutectic
structures with  and y' and bands of y and y' typical of a peritectic reaction. Verhoeven et
al (1991) evaluated the eutectic temperature at 75 at% Ni in a solidifying sample. Their
method was not accurate as it gave a value that is higher by 15 K than the corresponding
value measured by differential analysis by Bremer et al. (1988) and Hilpert et al. (1987).
The liquidus and solidus temperatures of the B-NiAl and y-Nig phases are considered to be
well determined as both phases are in equilibrium with the liquid over a wide range of
compositions. However, the y'-NizAl phase is in equilibrium with the liquid over less than
1 at% and several degrees only, which makes the measurement of the liquidus slope very
difficult. All these reasons explain the difficulties and disagreements in calculating the
positions of the y' liquidus and solidus and why these uncertainties still remain. As long as
these issues about the Ni-Al phase diagram remain unsolved the choice of Ni-Al phase

diagram is crucial for the development of modern superalloys.
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Further study of phase equilibria in the Ni-Al system using directional solidification
experiments and modeling by Hunziker and Kurz (1999) provided data that allowed the

Ni-Al phase diagram shown in figure 1.13b to be optimized as follows:

= There is a very small temperature difference between the stable and the metastable

eutectic (see figure 1.14) which is less than 0.5 K
= Similar liquidus slopes for the y-Niss and y'-NizAl

» The solid composition of y'-Ni3Al is close to 76 at% Ni
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Figure 1.13 Two different versions of Ni-Al binary system (a) From Alexander and

Vaughan (1937) (b) From Schramm (1941).

Thus, Hunziker and Kurz (1999) optimised the phase diagram to get agreement
with the results of the solidification studies. The optimised phase diagram was proposed to
have a peritectic between y and y', a eutectic between B and y' (figures 1.13b and 1.14),
with a very small difference between the temperatures of the stable B-y' and the metastable
-y eutectics, similar liquidus slopes for the y and y' phases, the composition of y' at ~ 76

at% Ni, and a solidification range (freezing range) for the y' of 2.3K.
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Figure 1.14. Equilibrium and metastable eutectics in the Ni-Al system, from Hunziker and

Kurz (1999).

According to the ASM alloy phase diagram database there are eleven AI-Cr-Ni
ternary diagrams that cover the full composition range. The earliest of these diagrams was
published in 1974 and the most recent one in 1985. There are significant differences
between the published diagrams regarding phase equilibria between B-NiAl, y'-NizAl and
v-Nig. For example, 1027 °C and 1127 °C, isothermal sections published by Chart in 1980
show that Cr has no solid solubility in y'-Ni3zAl while 1150 °C isothermal section published
by Oforka in 1985 there is a solubility of about 10 at% of Cr in y'-NizAl which is lower
than the solid solubility of 20 at% of Cr suggested by Jackson in his 1060 °C isothermal
section published in 1978. Furthermore, there is disagreement as to whether there exists
three-phase equilibrium between B-NiAl, y'-NizAl and 7y-Nig. According to Jackson
(1978), three-phase equilibrium it is not possible at 1060 °C, and the same was concluded
by Chart (1980) for 1027 °C. However, Chart (1980) gave three phase equilibria at 1127
°C as did Oforka (1985) at 1150 °C.
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Figure 1.15 Isothermal section by Oforka at 1150 °C [ASM database].
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Figure 1.16 Isothermal section by Chart at 1027 °C [ASM database].
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Figure 1.17 Isothermal section by Chart at 1127 °C [ASM database].
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Figure 1.18 Isothermal section by Jackson at 1060 °C [ASM database].
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There are numerous isothermal sections for the Ni-Al-Co system in the ASM
database which show three-phase equilibria between B-NiAl, y'-Ni3Al and y-Nigs but with
significant differences, for the solubility of Co in y'-NizAl and the solubility of Al in y'-
NisAl. Co is soluble in B-NiAl and there is also solubility of Co in Ni as the two elements
form a complete solid solution. In some diagrams about 10 at% Co is soluble in y'-NizAl
and in others as much as 25 at%. The solubility of Co in y'-Ni3Al is predicted to increase
or decrease with temperature in some diagrams.

The above uncertainties about phase equilibria in Ni-Al and Ni-Al-X systems are
inherent in existing thermodynamic databases for Ni superalloys, which have been shown
in a recently completed "round robin" study [Tsakiropoulos, 2010] to affect the accuracy
of predicted liquidus and solidus temperatures and volume fractions of phases for different
heat treatment temperatures. The serious concern about the level of accuracies has favored

a "re-assessment" of the Ni-Al-X phase equilibria and of the Ni superalloy databases.

1.11 Calcium-Magnesium-Alumino-Silicate (CMAS)

Deposits of molten calcium—magnesium alumino silicate, commonly known as
CMAS, form (usually) in the top coat of TBCs (but there is increasing evidence that
CMAS can also attack the BC) in aero engines at high temperatures when the oxidation
environment has siliceous debris such as dust, sand, volcanic ash and runway debris. The
siliceous debris forms glassy melts on TBC surfaces [Borom et al., 1996]. The molten
CMAS penetrates the open structure of the top coat easily, causing the original top coat
(usually YSZ in modern aedro engines) to dissolve in the CMAS and then the product of
the dissolution process re-precipitates with a different morphology and composition. At
low temperatures when the aforementioned contaminants are impacting as solid particles
they can cause erosive wear or local spallation of the TBC. All these have as a result a
minimal attack in the bulk of the coating but severe attack near the surface and the
interface with the substrate, which is also partially dissolved by the melt. The damage
mechanism depends on the exfoliation of discrete surface layers which are infiltrated with
the molten CMAS as the latter freezes upon cooling and stresses arise due to the thermal
expansion mismatch with the substrate [Kramer et al., 2006]. CMAS attack mainly affects
high-performance jet engines that operate at high temperatures. In the case of land based

electricity generation engines, it is practically harder to filter out the finest particles that
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can be carried along with the input air and from alternative fuels such as Syngas [Levi et

al., 2012].

1.12 H2 IGCC Process

The H2-IGCC project has been part of the European Union's 7th Framework
Programme for Research and Development. H2-IGCC is part of the deployment for
Integrated Gasification Combined Cycle (IGCC) with Carbon Capture and Storage (CCS)
technology, based on low emission gas turbine technology operating with hydrogen rich
Syngas, which increases the gas turbine efficiency and maximises fuel flexibility.

Syngas is a biofuel for high efficiency and low emission combined cycle power
plant. In these power plants the gas turbines are making use of the high temperature
combustion products in order to improve the efficiency of the power plant. Syngas is a fuel
of hydrogen and carbon monoxide that is produced when coal is burnt in pure oxygen and
steam in high pressure gasifiers. In these gasifiers, turbine-corroding gases are filtered out
and the clean syngas is used in the gas turbine combustors. In order to improve energy
efficiency of the plant, separation technologies can be used to produce hydrogen from
syngas that can be fed into fuel cells and improve the energy conversion efficiency of the
plant. This IGCC power plant is environmentally ideal as it captures and reuses COx.

As shown in figure 1.19 in a multishaft cycle in an IGCC power plant the hot
exhaust gas from a gas turbine is utilized to generate steam in the steam turbine to provide
power to drive a generator. This combination of gas and steam in IGCC plants give the
highest efficiency electric power generation. In more detail in the IGCC power plant the
hot exhaust gas from a gas turbine is used to generate steam in a steam cycle. The hot
steam is expanded in a steam turbine providing power to drive a generator.

If H2 rich Syngas derives from coal in gas turbines combustion is not feasible with
low NOx systems. Current gas turbine technology for power and heat generation has been
improved for natural gas. Barriers towards wider use of Syngas is the variability in
composition and heating value of Syngas. Very high flow rates of cost intensive dilution
gas (N2, H2O) are needed to combust Syngas in highly diluted diffusion flames and not
control NOx emissions.

The issues that apply to the BCs being used in H2 rich Syngas environment are the

high temperature of gas therefore the BCs are exposed to higher temperature than
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currently, therefore the interdiffusion increases and the fact that hot gas is more chemically

aggressive it makes the CMAS related phenomena more serious.
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Figure 1.19 Schematic of a combined cycle power plant.

1.13 Substrate alloys

Ni based superalloys of interest to this project are the alloys IN738, IN939,
RENES0 and CM247. These alloys contain transition metals (TMs) such as Co, Cr, Fe, Ti,
Zr, Hf and refractory metals (RMs) such as Mo, W, Nb, Ta, Re and Al, B, Si and C.

Typical concentrations of the main alloying elements are given in Table 1.3.

Table 1.3. Typical concentrations (wt%) of the main alloying elements in the Ni

superalloys of interest to this work [steelforge 2015 and iweb.tms 2015 ]
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Ni
superalloys | Ni | Cr | Co | Mo | Fe | Al Ti | Ta | W Zr C B Hf | Nb
of interest
IN 738 bal | 16 | 85 | 1.7 - 35|35 | 1.7 | 25 ] 0.05 | 0.09 | 0010 | - 2
IN 939 bal | 224 ] 19 - - 1.9 | 37| 14| 16| 01 |0.15 | 0.010 | - 1
RENES80 | bal | 14 | 95 4 - 3 5 - 4 0.03 | 0.16 | 0.015 | - -
CM247 bal | 81 | 9.2 | 0.5 - 56 |1 07 ] 321 95 [0.015)0.07| 0015 | 1.4 | -

1.13.1 Role of alloying elements

The elemental additions in Ni-base superalloys can be categorized as being

i. vy formers (elements that tend to partition to the y matrix),
ii. vy formers (elements that partition to the y' precipitate),
iii.  carbide formers and

iv.  elements that segregate to the grain boundaries.

Gamma phase formers (or elements that partition to the y-Ni) are Co, Cr, Mo, W,
Fe (in other words Group V, VI and VII elements. These solutes have atomic sizes only 3-
13% different than Ni. Elements that are y' formers (or elements that partition to the y') are
the Al, Ti, Nb, Ta, Hf (in other words Group III, IV and V elements). The latter have
atomic sizes that differ from Ni by 6-18%. The solutes forming carbides are Cr, Mo, W,
Nb, Ta and Ti. Where the carbides are precipitated at the grain boundaries they have the
tendency to improve the resistance to sliding and migration that would occur during
diffusion creep. However, if they precipitate as a continuous grain boundary film, the
fracture toughness of the alloy may be reduced, together with the ductility. Cr forms M23Ce

and M7Cs in the grain boundaries so the hot corrosion resistance is improved and TCP
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phases are promoted. Mo forms M¢C and MC in the grain boundaries. Nb forms NbC in
the grain boundaries. The primary grain boundary elements are B, C, Zr and provide grain
boundary strengthening and improve the creep strength and the ductility. Their atomic
diameters are 21-27% different than Ni [TMS, 2010]. Reactive elements such as Y, Hf, Si
and Zr when present in small concentrations as alloying constituents in the bond coat, they
improve the adherence of Al>O3 and Cr203 scales and significantly reduce susceptibility to
spallation during thermal cycling. Alloying with Al and Ti promotes the formation of the y'
phase. The y' phase size can be precisely controlled by careful precipitation hardening heat
treatments. Co, Fe, Cr, Re, Nb, W, Mo, Ta, V, Al, Ti are solid solution strengtheners both
in the y and y' phases. Ta not only has a high strengthening effect in the matrix like Mo but
it also increases the y' volume fraction. Re leads to an improvement in creep strength.
Some of the enhanced resistance to creep comes from the promotion of rafting by Re
which partitions into the y phase and makes the lattice misfit parameter more negative. Re
reduces the overall diffusion rate in Ni based superalloys and retards coarsening
[Tsakiropoulos, 2010]. Oxidation or corrosion resistance is provided by elements such as

Al and Cr [TMS (2010), Levitin (2006), Sims et al. (1992)].

Excessive quantities of Cr, Mo, W and Re promote the precipitation of
intermetallic phases which are rich in these elements [Kramer et al., 2006]. In Rene80, Cer,
B, Zr, and Hf reduce oxygen embrittlement [Woodford, 2006]. In CM247, by decreasing
the amount of Cr and increasing Re there is an increase in high temperature capability. Re
increases high temperature creep strength but is harmful for high temperature corrosion

[Gurrappa, 2008].

1.13.2 Manufacture of the alloys

The Ni based alloys IN738, IN939 and Rene80 can be conventionally casted (CC)
or directionally solidified (DS) to obtain columnar grains parallel to the tensile axis or can
have a single-crystal (SX) structure. CM247 is specifically designed for directionally
solidified (DS) blades. The modified alloy CM247 LC, which is a low carbon alloy,
demonstrates exceptional resistance to grain boundary cracking during directionally

solidified (DS) casting [Tsakiropoulos (2010), Das et al. (2000)].
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1.14 Mechanical integrity of bond coat

The mechanical integrity of the bond coats depends on the degradation of coatings
resistance to high temperature which proceeds either by loss of coating constituents due to
oxidation and corrosion, which results in loss of Al from coating to create a thin protective
layer of Al,Os3 on the surface, or by interdiffusion of the coating-substrate which results in
diffusion of alloy elements into the coating [Rhys-Jones, 1989]. Coatings inspected after
service show that often the TGO is wrinkled, wavy or convoluted and that contact with the
BC is lost. The above have been attributed to the development of compressive stresses in
the TGO that cause it to deform as it grows. It is also believed that the TGO grows
laterally owing to the formation of new oxide at g.bs (via the diffusion of oxygen and Al,
as discussed previously). A mechanism that has been suggested envisages the Al ions
moving outward along short circuit paths in the alumina and the oxygen ions moving along
the alumina g.bs [Prescott and Graham, 1992].

When degradation of the platinum-aluminide (PtAl) coating occurs it is due to loss
of aluminium from the coating to form protective Al2O3 on the surface and this oxide is
then spalled due to thermal cycles and erosion. Consecutively the coating provides
additional aluminium to form new aluminium oxide [Bernstein, 1991]. Platinum improves
the spalling resistance of the alumina scale either by reducing the stresses in the scale
through an enhanced diffusional-creep process or through enhanced grain-boundary sliding
[Das et al., 2000]. For instance, the Pt-Al coating provides superior cyclic-oxidation
protection to CM-247 that becomes more prominent as the cyclic-oxidation temperature
increases. Both alumina and spinel were formed during oxidation of the bare alloy and the
coating and oxide spallation under cyclic oxidation of the coatings was thought to be a
result of spinel formation [Das et al., 2000].

A key aspect that results in TGO spallation is the yttrium concentration in the bond
coat. When it is decreased beneath a critical level then its positive effect on TGO
adherence is lost. Oxide spallation might be affected by a number of factors such as the
different stress generation and relaxation due to the presence of TBC and superalloy, the
interdiffusion processes and the surface condition [Toscano et al., 2006]. TBC spallation

life is lowest when the rate of oxidation is greatest and vice versa [Reed, 2008].
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The coating system is designed to ensure that the surface temperature of the coated
component is acceptable for the specific material. This is mainly the job of the top coat
that provides thermal insulation and allows a temperature gradient to be established
between the hot gases and the substrate surface. In a modern aero engine, the TET (turbine
entry temperature) can be ~ 1500 °C and the surface temperature of a state of the art
superalloy can be ~1125 °C. Failure of the coating and in particular coating spallation can
cause creep and oxidation damage to the substrate. Thus, the integrity of the coating
system is of paramount importance. In figures 1.20-1.22 some typical features of failures

in coating systems (BC/TGO/YSZ) are shown.

Delamination cracks are common at the BC/top coat interface and occur during
thermo-mechanical cycling. These cracks together with cracks in the TGO and the top coat
contribute to damage development and the eventual failure of the coating system [Brodin
et al., 2006]. The main failure mechanism depends on whether the operating conditions are
predominantly isothermal or cyclic [Spitsberg et al., 2005]. Therefore the system durability
is dominated by cracks evolving in the TBC and at the TBC/TGO interface. Coalescence
along the TGO/bond coat interface constitutes only a small fraction of the life [Spitsberg et
al., 2005]. However, there are additionally at least five different failure mechanisms
[Evans et al., 2001] which depend on the bond coat chemistry and microstructure and the

method used to deposit the thermal barrier layer.

substrate

100 pim

Figure 1.20 Cracking of TBC systems tested with high mechanical strain: a) topcoat-bond
coat interface in a plasma sprayed coated specimen where several cracks started at the
valleys of the interface and grew into the bond coat, b) cracking through the bond coat in
an EB-PVD coated specimen where crack initiation is linked to inhomogeneities at the

interface [McGaw et al., 2003].
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Figure 1.21 Centre of delamination of the topcoat from the bond coat in the EB-PVD

coated specimen of Figure 1.20(b) tested with low mechanical strain [McGaw et al., 2003].

TBC Layer

34% of Cyclic Life

Crack Nucleation

Figure 1.22 Failure of a TBC system, driven by a cyclic instability in the thermally grown
oxide layer. The cross-sectional images detail the micro-structural and morphological
evolution of the TBC system at various stages of life. The imperfections that ratchet and
the resulting crack nucleation in the TBC are evident after only 34% of the cyclic life.

Both grew with further cycling [Mumm et al., 2001].

Segregation of impurities at the BC/TGO interface leads to degradation. The latter

is not threatening the life of the coating system when the TGO instability dominates, but
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becomes important when the instabilities are suppressed and failure occurs by edge
delamination mechanisms [Spitsberg et al., 2005]. In the literature various mechanisms
have been identified and/or proposed to account for the failures of coating systems.
Among these mechanisms dominate those that focus on thermal-expansion mismatch
stresses, the oxidation of the BC, and the continuously changing compositions,
microstructures, interfacial morphologies, and properties of the components of the coating
system [Padture et al., 2002]. A summary of factors that are thought to contribute to

failures of coating systems is given in Figure 1.23.
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Figure 1.23 Schematic illustration of the factors that contribute to failure mechanisms of

TBCs [Spitsberg and Moreb, 2005].

1.15 Mechanical properties

The high temperature strength of the coating is lower than that of the superalloy on
which it is placed; as a result when it is subjected to loading, the yield stress of the coating
is exceeded, so that the stresses in it are quickly relieved across the cross-section. When a
thermal barrier coating is employed, the resistance to thermal cycling depends strongly

upon the composition of the overlay coating onto which is placed [Reed, 2008].
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The mechanical behavior of a TBC depends on the type of ceramic top coat (YSZ)
and its thermal conductivity, thickness, and morphology, and on the continuity of the oxide
scale (TGO) and the bond coat (BC). It also depends on the toughness, strength, ductility
and coefficient of thermal expansion of the bond coat and on the properties of the substrate
(superalloy). As a whole a TBC + substrate need to be tested in thermal mechanical/cycle
fatigue and creep and for its thermal conductivity and thermal expansion behavior and its
toughness, and strength. Special attention should be given to the mismatch in thermal
expansion coefficients of superalloy substrate and TBC system which can cause thermal
stresses during thermal cycling that will lead to TBC failure during operation by spallation.
In this project other partners will evaluate the combination of ceramic top coat and bond
coat in terms of thermal diffusivity, compatibility with the superalloy substrate and
mechanical and environmental behavior of the whole TBC + substrate system as seen in

Table 1.4.

Table 1.4 Properties of TBC materials.

Tm=2323 K’

Dun=0.47%10% m?s™! (1273 K)®
A=5.8 W m™' K! (1400 K)'°
E=30 GPa (293 K)'°
0=9.6¥10°K" (1273 K) 13
v=0.26'°

E=360 GPa (293 K)'3

Al,03 (TGO) 0=8*10°K" (293-1273 K)"3
v=0.22"3

E=86 GPa (293 K)'?
NiCoCrAlY (BC of a TBC) 0=17.5%10°K" (293-1273 K)3
v=0.31

AlO3

where D = thermal diffusivity, E = Young’s modulus, o = thermal expansion coefficient,
A = thermal conductivity, v = Poisson’s number, Tm = melting point, TGO = thermally

grown oxide on bond coat (BC) [Cao et. al, 2004]
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Chapter 2 — Experimental Procedures

2.1 Selection of alloys

Failure of commercial TBCs occurs at the interface of the TGO with either the BC
or the top coat. A major drawback for improving coating lifetimes is the oxidation of the
bond coat. In this research the alloys were designed to form a protective a-Al,O3 scale
during high temperature operation. One of the concerns is the good adhesion of the
thermally grown oxide scale with the bond coat as any spallation of the Al>O3 scale would
result in loss of the top coat. The substrate-bond coat system can affect the growth and
adhesion of the oxide scale and the integrity of the BC-substrate interface. For a
commercial metallic substrate like Rene80, there is a concern about possible inter-
diffusion of elements between the two components of the coating system. The major
concern is loss of Al from the bond coat below the critical level required for Al,O3
formation. In the case of Rene&80, the uncoated substrate has low Al content ~3 wt%,
therefore, it is unlikely that enough Al will diffuse from the substrate to the bond coat.

After careful study of the literature [see Chapter 1, Li et al. (2010), Musil et al.
(1997)] where commercial BC alloys and their microstructures were studied, we concluded
that our series of BC alloys should be of the MCrAlY type in an effort to minimize
bondcoat/substrate interdiffusion, to improve resistance to hot corrosion, to form an
adherent oxide scale and to have good compatibility with the top coat. Commercial alloys
of interest were the Amdry 995 and Amdry 997 that provide oxidation resistance and
maintain sulphur content at very low levels in the BC/TGO interface as segregation of
sulphur at the BC/TGO interface reduces the TGO adhesion [Smialek et al, 1994]. Ta was
used as an alternative element to Re to reduce material costs. Hf was added to improve the
adherence of Al>Os scales with the coating and Si to promote the adhesion of the BC/TGO
[Padture et al. (2000), Pint et al. (2000)].

Chromium was added in our alloys to enhance high temperature strength, prevent
internal oxidation which occurs at low aluminium content (8.5-16.2 wt%), and improve
resistance to Type I and II corrosion (see section 1.7 in Chapter 1). Chromium and
tantalum were also expected to be more effective under hot corrosion conditions in the

aggressive environment of our project (Type II hot corrosion and H> rich environment). Ta
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was also chosen to improve Al,Os; formation through spinel TMTaOs formation, where
TM is a transition metal like Ti that exists in the RENESOQ substrate. Chromium, cobalt and
aluminium additions are vital for both types of hot corrosion, although high aluminium
contents can lead to embrittlement of the bond coat. Yttrium, like the Hf addition improves
adherence of the Al,O3 oxide scale with the coating and alleviates stresses from the
thermal expansion mismatch. Hafnium also controls the Al>O3 growth as it is thought to
precipitate at aluminium grain boundaries and restricts Al,O3 growth. Addition of silicon is
also known to affect the growth kinetics of Al2O3 and the stability of Cr20s3, if formed
[Tsakiropoulos, 2012].

The selection of the BC alloys of this study was informed by the results of the
literature review and discussions with H2-IGCC project industrial partners who provided
some data about commercial BC alloys used in conventional (i.e., not IGCC) plants. It has
been decided to design Ni-Co-Cr-Al alloys with/without reactive element additions and
additions of Y and Si that would be produced by solidification under conditions of high
cooling rates to “simulate” the non-equilibrium conditions during BC deposition by LPPS
(low pressure plasma spraying, see section 1.2.2 in Chapter 1) which are used by industrial
partners in the H2-IGCC project. The alloys made in this work are identified with the
codes EKi (i=1, 2, 3, 4 and 5), AC for the as cast condition, HT1 for the first heat
treatment, HT2 for the second heat treatment and TGA for the oxidized condition. The
alloy compositions are given in Table 2.1.

The alloys of this project given in Table 2.1 are bond coat alloys that contain Ni,
Co, Cr, Al, Ta, Y, Hf and Si. In addition to the aforementioned roles of solute elements, the
following was also taken into account when designing the alloys EKi (i=1 to 5). Ni forms
stable, high melting point intermetallic compounds with aluminium such as B-NiAl and vy'-

NizAl. The presence of Al enhances oxidation resistance.
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Table 2.1. The alloys selected for this work (nominal compositions, in at %).

Alloy and condition Ni Co Cr Al Ta Y Hf Si
EK1-AC 43.1 | 204 | 20.1 | 164 - - - -
EK2-AC 4277 | 20.1 | 198 | 163 1.1 - - -
EK3-AC 425 | 20.1 | 19.8 | 16.2 1.1 0.3 - -
EK4-AC 424 | 20.1 | 19.7 | 16.2 1.1 0.3 0.2 -
EKS-AC 409 | 193 | 19.1 | 15.6 1.1 0.3 0.2 3.5

Co helps to improve corrosion resistance and strength at high temperatures and is
believed to suppress the y'-NizAl and instead promote B-NiAl formation [Achar et al,
2004]. Co can also easily substitute nickel atoms and improve corrosion resistance in
sulphur containing environment. Cr added to Ni-Al or Co-Al alloys reduces the critical
level of Al needed to form protective A1,03 scale. Furthermore, when Cr is alloyed with
Ni and Co, and with minor additions of Al and Si (1-5%), it forms microstructures that are
resistant to both type I (higher amounts are required ~ 25-40% Cr) and type II (lower
amounts are required ~ 15-20% Cr) hot corrosion but decreases creep resistance. Y
addition to Ni-Al or Co-Al alloys improves the adherence of Al,Os3 scales to base material.
At 'Y concentrations up to 0.01% the Y is in solid solution, above this level intermetallics
can form. Hf enhances the grain boundary strength. Ta when added to Ni-Al or Co-Al
alloys enhances their resistance to high temperature hot corrosion. Silicon, when alloyed
with Ni or Ni-Cr, forms intermetallic compounds that are not as stable as those with Al.
The dilution of Al in coatings by the diffusion of Ni out of the substrate is the process
observed to occur most frequently. The existence of high contents of refractory metals
such as Ta, W and Mo in the substrate seems to lower the nickel activity and also increase

the stability against diffusion [Goward, 1986].
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2.2 Preparation of ingots

Alloys were prepared using pure elements in forms of billets (Ni:99.99 wt%,
C0:99.99 wt%, Cr:99.99 wt%, Al:99.99 wt%, Ta: 99.9 wt%, Y:99.95 wt%, Hf:99.9% and
S1:99.9%). Small buttons of 10 g and approximately 2 cm in diameter were produced for
each alloy. Alloys were prepared using clean melting elemental charges in a water cooled
Cu crucible in an arc-melter that was evacuated to 8%10° Torr before melting in high
purity argon atmosphere. Arc melting was used as it was the only facility available at this
project and the fast cooling rates would be similar with PS. Arc melting was performed
under a voltage of ~ 50 V and a current of ~ 600 A. Ti sponge was melted before the
elemental charge to getter oxygen in the arc melter. A non-consumable W electrode was
used and at least four melts were made to ensure homogeneity. The elements were melted
in pairs because of their different melting points, for example for the alloy EK4 Ni and Hf
were melted together, Co and Y were melted together, Cr and Ta were melted together and

all these pilled up with Al in the bottom of the crucible to minimize Al loss.

2.3 Specimen preparation

Each button was mounted in bakelite and then sectioned using an ISOMET 5000
Buehler linear precision saw with an abrasive cutting wheel. The buttons were cut parallel
to the bottom of the Cu crucible. Specimens from the bulk of the alloy/buttons were cut for
use for microstructural characterisation. The specimens for use in microscopes were
mounted in conductive bakelite. They were ground and polished using graded abrasive
silicon papers of 400, 800 and 1200 grit. The specimens were then polished using 9 pm
and then 3 pm water based diamond suspension and for the final polishing an acidic
alumina suspension diluted with up to 50% water was used to ensure a smooth scratch free
surface. The samples were then immersed in alcohol and cleaned in an ultrasonic bath. The
buttons/ingots were cut parallel to the bottom of the Cu crucible, as illustrated below
(figure 2.1) and all the samples were taken from the centre of the ingot in order to ensure
that homogeneity and same cooling rates applied. Multiple melts and ingots were produced
for the purposes of SEM/EDS, XRD, TGA as samples had to be taken as shown below

from the same part of the ingot each and every time.
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Figure 2.1 Schematic diagram of the catsed ingot and the place where the samples were

taken from.

For the thermo-gravimetric (TGA) experiments small cubes ~ 3x3x3 mm?® were cut
from the bulk of the ingots. Their surfaces were manually ground to 1200 grit before TGA.
The dimensions of each sample were measured using a micrometer and then the software
"Measure Axio Vision" that was connected with an optical microscope in order to calculate

their surface area. More information for the TGA experiments will be given in section 2.7.

2.4 Heat treatment (HT)

Specimens were taken from the bulk of the buttons for heat treatments. The first
heat treatment (HT1) was for 24 hrs at 1200 °C and the second one (HT2) was another 24
hrs at 1200 °C, i.e., 48 hrs in total. The heat treatments took place in a muffle furnace in air
and the specimens were placed in the hot zone of the furnce the temperature of which was
monitored by the thermocouple. The specimens were heated with a heating rate of 3
degrees per min, then held at temperature for each 24 hrs period and then taken out and left
to cool down in air at room temperature. The 1% heat treatment was decided to take place
at 1200 °C for 24hrs as phase transformations happen quicker at high temperatures, the
highest temperature that the alloy would experience in service and the substrate can
operate are 1150 °C and also Ni-Cr-Al existing phase diagrams are around 1200 °C. The
2" heat treatment was at 1200 °C for 48 hrs in order to check if phase transformations
have finished or not and during plasma spraying the layers of powder are sprayed one on

top of the other at high temperature so this is like a 2" heat treatment.

2.5 X-ray diffraction (XRD)

For phase identification in the as cast and heat treated alloys and oxidised samples

X-ray diffraction (XRD) was used. Phase analysis for the thin oxide scales formed on the
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oxidised samples was performed with glancing angle X-ray diffraction (GAXRD).
Individual phases and their crystal structures were identified using the JCPDS (Joint
Committee of Powder Diffraction Standards) data. The specimens used for the XRD
studies were not in powder form since the alloys could not be pulverized and thus texture

effects from the microstructure are likely to have had an effect in the X-ray diffractograms.

2.5.1 Conventional X-ray diffraction

In this study a Siemens D5000 X-ray diffractometer was used for the XRD studies
of the bulk microstructures of the as cast, heat treated and oxidised samples. The
diffractometer used CuKo (A=1.54178 A) radiation that was excited by an acceleration
voltage of 40 kV and a current of 30 mA. Every solid crystalline compound gives its own
unique X-ray diffraction pattern, consisting of a set of 'Bragg peaks'. The positions of the
peaks are related to the unit cell dimensions and symmetry. Peak intensities are determined
by the 'distribution of atoms in the unit cell of every crystalline phase present in the
sample'. The diffraction pattern for an alloy can be considered unique for each specific
one. Therefore, when XRD data is collected, the diffraction patterns can be used to identify
what phases are present in an alloy. This specific diffractometer (Siemens D5000) uses for
phase analysis work Bragg-Brentano (also known as reflection) geometry. A scan range
between 20-90 20 was used to get diffraction data from both primary and secondary phase
peaks. The step size 0.02 degrees per second was used to improve the signal to noise ratio
to distinguish between two peaks that were very close to each other. XRD data was also
collected for the sample holders and the Apiezon putty that was used to mount the

samples.

In a cubic system with lattice parameter (unit cell side) a, the (hkl) planes are

separated by:
a

VhZ + k2412

where d is the interplanar spacing of the (hkl) plane. The measured d spacing

dh.kf. =

values may be affected by errors due to instrumental factors and by solute additions that
change the positions of diffraction peaks compared with those expected from the JCPDS
data.
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2.5.2 Glancing angle X-ray diffraction

The Siemens D5000 X-ray diffractometer with CuKa (A=1.54178 A) radiation was
also used for glancing angle X-ray diffraction. This technique is suitable for the study of
thin films, like an oxide scale on an oxidised sample surface, by reducing the interference
from the sample substrate and increasing the absorption path of the incident beam within
the scale itself. In this technique, parallel, monochromatic X-rays fall on a sample surface
at a fixed incidence angle and the diffraction profile is recorded by a detector. The
penetration depth of X-rays in the material depends on the incidence angle (glancing
angle). When the incidence angle of the X-ray beam decreases, the diffracted and scattered
signals at the 20 angle arise mainly from the limited depth from the surface and in this way
the detection of the phases present in the scale is possible. By varying the glancing angle it
is possible to undertake depth profiling of surface layers.

In order to avoid in our X-ray scans the signal interference from the substrate, the
calculated depth should be smaller than the oxide scale thickness observed in backscatter
electron images of the microstructure in a cross section of the oxidised alloy. Thus, we
choose to stop at a glancing angle of 5° degrees. According to the literature when oxidation
takes place at high temperatures transition aluminas may be observed during the initial
stages of oxidation. In the literature the first phases to form have been identified as Ni(Al,
Cr)204 and NiO. The NiO grows rapidly and Cr,Os; forms beneath it and eventually
becomes continuous. Below Cr20s3, Al,Os; develops as a metastable phase and
transformation of AlbO3 to a-Al,O3 occurs upon its incorporation into the external scale.
Thus, by scanning the oxidised samples at two different glancing angles it was checked if
Cr203 and a-Al>O3 formation or formation of any other oxide and whether one oxide had
grown below another. The glancing angle ranges used for the as cast and the oxidised EK

series alloys after exposure for 100 hrs at 975 °C were 2.5 and 5 degrees.

2.6 Scanning electron microscopy (SEM)

An objective of this project was to study the effects of alloying additions on the
microstructure of the BC alloys, and to understand the role of the alloying additions on
phase selection and stability and oxidation behavior. Therefore, imaging of the

microstructures, phase identification and qualitative and quantitative characterization were
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necessary. There were done using SEM with EDS and WDS.

SEM was the most useful analytical technique to be used in this project as it gave
secondary electron (SEI) and backscattered electron (BSI) images of the alloys and X-ray
elemental maps through EDS/WDS. Electrons bombard the surface of the specimen and a
variety of different signals is generated (including secondary electrons, backscattered
electrons, characteristic x-rays) that can be used for the specimen characterization. Using
secondary electrons, scanning electron microscopy (SEM) expands the resolution range
from a few micrometers to a few nanometers depending on the capabilities of the
microscope. In addition to the higher lateral resolution, SEM also has a much greater depth
of field compared with an optical microscope, due to the small size of the final lens
aperture and the small working distance. The main differences between secondary
electrons and backscatter electrons are that SEI can give information regarding surface
topography and compositional contrast whereas BSI can be employed for imaging the
differences in the mean atomic number of different constituents of the samples
(compositional contrast). The lateral resolution in SEI ranges from 5 to 100 nm whereas in
BSI from 5 to 1000 nm and the information depth they give is 5-50 nm from SEI and 30—
1000 nm from BSI. Factors like the appropriate kV and spot size as well the specimen
surface after correcting focus, magnification, astigmatism, brightness and contrast can
affect accuracy of results.

The SEMs that were used in our research were a Philips PSEM 500 equipped with
Link Analytical ANIO software, a JEOL JSM 6400 equipped with Oxford Instruments
INCA software, a FEI Inspect FEG equipped with INCA software and a Hitachi SU70
UHR (ultra high resolution) analytical SEM equipped with SDD (silicon drift detector) x-
Act detect and WDS 700 system with five crystals.

2.6.1 Energy Dispersive Spectrometry (EDS)

EDS (energy dispersive spectrometry) in principle converts the energy of each
individual X-ray into a voltage signal of proportional size. EDS makes use of the X-ray
spectrum emitted by a solid sample bombarded with a focused beam of electrons to obtain
a localized chemical analysis in principle (see figure 2.2). All elements from atomic
number 4 (Be) to 92 (U) can be detected in principle. Qualitative analysis mainly identifies

the lines in the spectrum owing to the simplicity of X-ray spectra. On the other hand EDS
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quantitative analysis, determines the concentrations of the elements present by measuring
line intensities for each element in the sample and for the same elements in calibration
standards of known composition.

electron
beam

10A Auger electrons

50-500 .lg\ secondary electrons

backscattered
electrons

/
Jf',r— secondary fluorescence
- by continuum and
characteristic x-rays

Figure 2.2 Schematic beam of electrons-specimen interaction volume [nau.edu].

The pear shape of the interaction volume is due to the characteristics of elastic and
inelastic scattering. As electrons penetrate into the specimen they lose energy and thus the
probability of elastic scattering increases which results in broadening of the interaction
volume. Auger electrons coming from very close-to-surface are used for surface analysis
whereas secondary and backscattered electrons are mostly used for SEM imaging and
analysis. The characteristics X-rays are the main signals in EDS microanalysis to
determine the chemical composition of the specimen. The interaction volume is a function
of beam energy, specimen composition and beam incident angle. Equations 2.1 and 2.2
estimate the depth and width of the interaction volume respectively, for a perpendicular

electron beam [nau.edu]:
1.5
@ 2.1)
p

E 1.5
y (um) = 0.077% @2

x (um) = 0.1

where Eo is the beam energy (keV) and p is the specimen density (g/cm?). The beam

energy is the kinetic energy of beam electrons which is equal to the SEM accelerating
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voltage multiplied by the charge of electron. Therefore the accelerating voltage is a major
factor to control the size of the interaction volume.

In our experiments most of the qualitative analysis for as cast and heat treated
alloys took place in Inspect F whereas all the quantitative analysis was done in a Philips
PSEM 500 and a JEOL 6400. An accelerating voltage of 20 kV was used for the analysis
under which the electron beam size was about 1pum. Calibration for quantitative analysis
was repeated almost every hour using a pure Co standard. High purity standards were used
for EDS analysis for all elements such as Ni, Co, Cr, Al, Ta, Y, Hf and Si. Considering the
spatial resolution, spot analysis was performed on particles of size > 5 um in diameter.
Specimens were studied by EDS for large area analysis (0.5 mm x 0.5 mm), spot/point
analysis and area analysis of eutectic microstructures. Large area analysis was taken at low
magnification (x320) from several areas of the specimen. At least 5 large area analyses and
point analyses were taken from different areas all around the samples. The analysis data
presented in the thesis include the average, minimum and maximum values and the

standard deviation.

2.6.2 Line scans and X-ray maps

Line Scans

The SEM electron beam is scanned along a preselected line across the sample
while x-rays are detected for discrete positions along the line. Analysis of the x-ray energy
spectrum at each position provides plots of the relative elemental concentration for each
element versus position along the line. Line scans for our alloys, as cast and heat treated,

were performed in a JEOL 6400.

Elemental Mapping

Characteristic x-ray intensity is measured relative to lateral position on the sample.
Variations in x-ray intensity at any characteristic energy value indicate the relative
concentration for the applicable element across the surface. One or more maps are
recorded simultaneously using image brightness intensity as a function of the local relative
concentration of the elements present. About 1 wm lateral resolution is possible. In our
work elemental mapping was performed in a JEOL 6400, an Inspect F and a Hitachi SU70

for samples in as cast, heat treated and oxidised conditions.
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2.6.3 Wavelength Dispersive X-ray Spectroscopy (WDS)

Wavelength dispersive X-ray spectroscopy (WDS) is a method used to count the
number of X-rays of a specific wavelength diffracted by a crystal. Based on Bragg’s law
wavelength of the x-rays and the crystal’s lattice spacings are related. Unlike the related
technique of energy dispersive X-ray spectroscopy (EDS), WDS counts only the x-rays of
a single wavelength at a time, not producing a broad spectrum of wavelengths or energies
simultaneously therefore accuracy of WDS analysis is much higher. In our work, WDS
was performed at 20 kV and a beam current of 8 nA, using a Hitachi SU70 for point
analysis, qualitative and quantitative elemental mapping and qualitative and quantitative
line scans for the oxidised alloys after exposure for 100 hrs at 975 °C. Pure elements of N,
O, metals of Ni, Co, Cr, Al, Ta, Y, Hf, Si and Al,03 and Cr,03 compounds were used for
standardization purposes. The oxygen and nitrogen concentrations were calculated based
on SiO2 and AIN standards.

To assist microstructural characterization of the oxidised specimens, qualitative
and quantitative maps were used. The qualitative maps showed us what elements were
present and where these elements where in the microstructure and this information was
based on X-ray intensity. The quantitative maps converted the qualitative ones to
quantitative information and then looked at every pixel in the qualitative maps to produce
quantitative information at pixel level. This is useful for any changes in atomic or weight

percentage from the raw data in the qualitative map.

2.7 Thermo-gravimetric analysis (TGA)

The temperature of the BC/substrate in gas turbines used for energy production
operating in H2 rich Syngas environment will not exceed 1000 °C according to modelling
work done by other partners in the H2-IGCC project, and most probably will be in the
range 900-980 °C. Thus, the selected temperature for oxidation experiments was 975 °C.
Thermo-gravimetric analysis (TGA) at 975 °C for 100 hrs was carried out with a Perkin
Elmer Thermo-gravimetric Analyzer equipped with Pyris 1 TGA software. Cubic samples,
3x3x3 mm? in dimension were cut from the as cast alloys with an Isomet Buehler cutting
machine with an Isocut diamond wafering blade. Their surfaces were ground to 1200 grit

and the dimensions of each sample were measured using a micrometer and the Measure
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Axio Vision software and the surface area was calculated. The sample weight was
measured using a high accuracy scale before and after oxidation in order to verify in two
different ways the weight change after the thermo-gravimetric analysis. Each sample was
placed in a small alumina crucible that was positioned on the TGA balance, and then the
balance was calibrated to the initial total weight. The sample was heated to the designed
temperature (975 °C) and held at this temperature for 100 hrs. Then it was cooled in the
furnace after isothermal oxidation was finished. Both heating and cooling rates in our
experiments were 3 degrees per minute. The experiments took place in static air conditions
where air was fed through a cylinder. The weight gain was calculated throughout the
whole experiment but only the weight gain during the isothermal period is of interest and
is calculated and used in the calculations in Chapter 5. All the samples were looked under
SEM for structural oxide scale and microstructural characterization. They were carbon
coated which gave high C content in the qualitative EDS spectra. A continuous curve of
weight gain versus time was recorded by the software during the experiment. The weight
gain was normalized against the initial surface area of the sample. Weight change/gain
versus time graphs were plotted.

The oxide scales that formed after the thermo-gravimetric experiments were
studied by glancing angle X-ray, see section 2.5.2. The cross sections of the oxidised
alloys after 100 hrs at 975 °C were also studied. In order to study the cross sections of the
oxidised samples the latter were cold mounted in epoxy resin. After grinding and polishing
the cold mounted samples, carbon coating was applied for imaging and EDS/WDS

analysis.
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Chapter 3 — EK1, EK2 alloys

3.1 Introduction

Ni based superalloys in power plants are operating with a wide range of fuels using
combined cycle power plant technologies. The increased demand for improvement of the
performance of gas turbine engines in aircraft and marine propulsion and in power
generation led to significant technological breakthroughs and the development of the
thermal barrier coatings (TBCs). Ni based superalloys require protection for high
temperature oxidation and type I and type II hot corrosion. MCrAlY overlay coatings are
environmental protection coatings that can provide an optimized corrosion response over a
wide range of turbine operating conditions that are likely to be encountered in utility
turbines, working with multi-fuel capability.

Gas turbines are used either for propulsion or for energy production. Even though
the research presented in this thesis is related with materials used in energy production, it
is still relevant to aerospace because of the type of BC that is studied. BCs are usually of
the MCrAlY type, which are similar to the BCs used in aerospace. In this specific FP7 EU
project on H2-IGCC (Integrated Gasification Combined Cycle) plants, the materials are
operating in H2 rich environment, where environmental problems like oxidation and hot
corrosion are likely to occur with the BC. In this work new BC alloys are developed
suitable for application using APS, therefore there are limitations in alloy design because
of the availability of powders. Jiilich, which is another partner in the FP7 project, is
concentrating on the ceramic component of the TBC. The optimized coating will be
evaluated by other partners in the project in simulated Syngas environment and for CMAS
(calcium-magnesium-alumino-silicate) and CMAF (calcium-magnesium-alumino-iron)
issues (see Chapter 1, section 1.11). The TGO that forms between the BC and the ceramic
is usually AlO3 or Al2O3 and Cr20s for the IGT’s. In this particular project the BC’s
operating temperature is estimated to be between 920 to 980 °C. The aim of this project is
to design, develop and evaluate BC alloys that form in situ Al>O3 oxide scales. Therefore,
the interest is in the formation of high Al activity intermetallics in the BC, such as the -

NiAl or y'-NizAl.
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The current study started with the selection of alloying elements based on
commercial materials (see Chapter 1) in order to understand phase selection and stability
in the bond coat in currently used systems in conventional plants and the role of the
alloying additions in the bond coat in determining integrity and quality of the bond
coat/substrate interface. Work on two selected bond coat alloys and the characterization of
their microstructures will be discussed in this chapter. Cr and Al additions are very
important in our study due to the fact that they play a crucial role for Type I and Type Il
hot corrosion (see Chapter 1, section 1.7). In Type I hot corrosion, Al is desirable whereas
in Type II, Cr is desirable. Chromia is less effective in the presence of water vapor, Syngas
environment in this project, therefore there is a need to have Al>O3 formation and thus a
need to have high Al activity. Thus, there is an interest in the Cr and Al contents in the y-
Nigs and B-NiAl phases, in the as cast (AC) and heat treated (HT) conditions.

In this study is concentrated on Co and Cr rich, Ni-Co-Cr-Al based bond coat type
alloys. This chapter is a report on the effects of Cr and Al in the as cast and heat treated
(1200 °C/ 24hrs, 48hrs) microstructures of Ni-23Co-20Cr-8.5Al (wt %) (alloy EK1) and
on the effect of Ta in the as cast and heat treated (1200 °C/ 24hrs, 48hrs) microstructures of
Ni-23Co0-20Cr-8.5A1-4Ta (wt%) (alloy EK2) alloys which were investigated using
scanning electron microscopy (SEM/EDS) and X-ray diffraction (XRD). The phases
considered in the characterisation of the as cast and heat treated microstructures were the
Nigs (v), NiAl (B), NizAl (y' precipitates) and the lamellar eutectic (B-NiAl + y-Nigs). It has
been observed that both the size of the B intermetallics and the volume fraction of the
lamellar y-Nigss and B-NiAl in the microstructure, depend on time and temperature. Phase
formation and stability with particular emphasis on solidification path and composition of

phases will be discussed in this chapter.

3.2 Results

The materials system will consist of a directionally solidified (DS) nickel based
superalloy RENES8O as substrate, a NiCoCrAl based bond coat (BC) applied by APS and a
ceramic top coat like YSZ. Two bond coat alloys will be discussed in this chapter, the base
alloy (EK1) with Ni, Co, Cr and Al additions and one alloy variant (EK2) with extra Ta
addition. These alloys were studied in the as cast and heat treated conditions. The nominal

compositions of the two BC alloys are given in Table 3.1.
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Table 3.1. Nominal compositions of the alloys EK1 and EK2.

Alloy Ni Co Cr Al Ta
EK1 wt % 48.5 23 20 8.5 -
EK1 at % 43.1 20.4 20.1 16.4 -
EK2 wt % 44.5 23 20 8.5 4
EK2 at % 42.7 20.1 19.8 16.3 1.1

3.2.1 Ni-20.4Co0-20.1Cr-16.4Al (alloy EK1)

The EK1 alloy was designed to understand the basic composition with Cr and Al
additions as the latter are important for Type 1 and Type II hot corrosion and tend to
promote the formation of a protective oxide scale. Another objective was to study phase
selection and stability under conditions of solidification at high cooling rates and to
"simulate" the non-equilibrium conditions during BC deposition by APS [Eliaz et al.
(2002), Goward (1998)]. In this alloy type, the Co addition is expected to stabilize the vy
and B phases at all temperatures and at all Al levels and to suppress the y' formation, as

suggested by Achar et al. (2004).

3.2.1.1 As cast alloy (EK1-AC)

The average composition of the EK1 alloy in the as cast condition, as determined
by EDS, is given in Table 3.2. Compared with the nominal composition, the alloy EK1
was slightly poorer in Co and Cr, less than 1 at%, and slightly richer in Al, around 1 at%.
Considering the accuracy of the analysis technique (* 1%), this was considered
satisfactory. The microstructure of the as cast alloy (EK1-AC), as suggested by the XRD
data, contained the y-Nigs solid solution and the intermetallics -NiAl and y'-NizAl. In the
SEM two phases were observed that exhibited light and dark contrast and a (B+Y)eutectic, S€€
Figure 3.1 and Table 3.2.
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Table 3.2. EDS analysis data (at%) of the EK1 alloy in the as cast and heat treated conditions.

Area/Phase(s) Ni Co Cr Al
EK1-AC

large area 42.940.2 19.7+0.4 19.940.1 17.6£0.5

¥ (Nig) 42.540.3 21.4+1 20.5+0.6 15.7+1.4

B (NiAl) around y (Nig) (not in eutectic) 43.7+1.3 13+1.5 12.6+1.8 30.7+2.1

(B+Y)eutectic 42.9+0.5 16.8+1.2 18.7£1.4 21.5£2.9

intermetallic phase lamellae in eutectic 43.9+0.8 15.1£1.5 15.6£1.9 25.442.8

v (Nig,) between lamellae in eutectic 42.8+0.5 19.94+0.3 20.2+0.1 17.1+0.3
EK1-HT1 (1200 °C / 24 hrs)

large area 43+0.2 19.6+£0.3 19.4+0.08 17.9+0.2

v (Nig) 42+0.1 21.6+0.2 22.1+0.2 14.1+0.2

B (NiAl) 45.8+1.3 11.8+0.2 9.4£1.5 32.940.7

prior (B+Y)eutectic 43.5+0.5 18.3+0.9 17.7£1.3 18.6+5

EK1-HT2 (1200 °C / 48 hrs)

large area 43.44+0.4 20.620.1 21.4+0.4 14.6+0.4

¥ (Nig) 43.4+0.1 20.8+£0.3 21.5+0.1 14.3+1.2

B (NiAl) 44.5+¢0.5 16.2+0.6 1240.2 27.3+0.4
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The lamellar eutectic was formed between y-Nigs and B-NiAl as shown in figure 3.1
and its average composition was 42.9Ni-16.8Co-18.7Cr-21.5Al. The XRD data, figure 3.2,
would suggest the presence of y' in the microstructure. The peak identification was based
on matching the superlattice and fundamental peaks from the database with the peaks from
the diffractograms. The composition of some of the intermetallic lamellae was slightly
poorer in Al compared with B-NiAl, Table 3.2 suggesting it could be y'-Ni3Al. It should be
realized that the width of the intermetallic lamellae was not large, and thus errors in
analysis are possible. The composition of y in the lamellar eutectic was close to that
elsewhere in the microstructure. The present microstructure was in agreement with those
reported for coatings in the literature [Reed, 2008]. It is not clear though, whether the
coating microstructures given in the literature are those in the as deposited condition or
after heat-treatment (or after exposure to high temperature). There was also some variation
in the EDS data for the B-NiAl, as shown by the standard deviation values in Table 3.2.
Further analysis in B-NiAl regions showed that some -NiAl where rich in Cr at% and had

lower Al at% while others where rich in Al at% and had lower Cr at%.
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Figure 3.1 BSE images of the microstructure of EK1-AC.
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Figure 3.2 X-ray diffractogram of the EK1-AC.

3.2.1.2 Heat treated alloy (EK1-HT)

The first heat treatment (EK1-HT1) was for 24 hrs at 1200 °C. The large area
analysis and the compositions of the phases are given in Table 3.2. For the former there

was no significant difference in the average concentrations of the elements compared with
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the as cast condition. The typical microstructure of the EK1-HT1 is shown in figure 3.3.
After the first heat treatment two phases were present, namely the y-Niss and B-NiAl (see
also Table 3.2). The B-NiAl was richer in Al compared with the as cast condition and its

Co and Cr contents were slightly decreased.

pl‘iOl' (B+Y) eutectic

p rior (B+Y) eutectic

Figure 3.3 BSE images of the microstructure of EK1-HT1.
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The XRD data (figure 3.4) would suggest the presence of the y-Niss, B-NiAl and y’-
NizAl in the microstructure, however the EDS analysis did not confirm the presence of

intermetallics with ~ 25 at% Al.
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Figure 3.4 X-ray diffractogram of the EK1-HT1.

The second heat treatment (EK1-HT2) was for another 24 hrs at 1200 °C i.e., 48
hrs in total. The typical microstructure of the EK1-HT2 is shown in figure 3.5 and the EDS
data is given in Table 3.2. The average composition of EK1-HT2 was poorer in Al
compared with the as cast alloy. The XRD data (figure 3.6.) suggested the presence of y-
Niss, B-NiAl and y'-Ni3Al but only the B-NiAl and y-Niss could be identified by EDS, see
also Table 3.2 and figures 3.7. It should be noted that in the EK1-HT?2 the major phase was
the y-Nis with very low vol % of intermetallic, which could be imaged with difficulty
using the Philips PSEMS500 and Jeol 6400 SEMs. Using the Inspect F SEM, a second

phase precipitation was observed in the y-Niss which was the B-NiAl as seen in figure 3.5.
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Figure 3.5 BSE image of the microstructure of EK1-HT2.
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Figure 3.6 X-ray diffractogram of EK1-HT?2.
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B-NiAl i

Figure 3.7 BSE image and EDS spectra of EK1-HT2 showing presence of Ni solid solution

and NiAl intermetallic.

3.2.2 Ni-20.1Co0-19.8Cr-16.3A1-1.1Ta (alloy EK2)

The EK2 alloy was designed in order to study the effects of Ta in the
microstructure of MCrAlY alloys. Ta is used as an alternative alloying addition to the
expensive Re. Ta was also expected to improve the refractiveness and oxidation resistance
of the BC as well as to improve Al,O3 formation through spinel formation, and in synergy
with Cr was expected also to improve the effectiveness of Cr in Type II hot corrosion

behavior in Hz rich environment [Pomeroy (2005), Viswanathan (2001), Schiitze (2000)].
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Table 3.3. EDS analysis data (at %) of EK2 alloy in the as cast and heat treated conditions.

Area/Phase(s) Ni Co Cr Al Ta
EK2-AC
large area 38.2+0.2 19.540.1 21.740.1 19.2+0.2 1.440.07
Y (Nigy) 36.3+0.4 22.240.1 25.240.2 15.1£0.2 1.240.1
Ta rich y (Ni) 36+0.5 19.9+1.8 25.242.9 14.442.2 4.5+2.8
B (NiAl) 39.620.5 15.7+0.2 1540.5 28.4+0.8 1.1£0.1
(B+Y)eutectic 37.8+0.3 19.4+0.4 20.9+0.9 20.7+1 1.240.2
EK2-HT1 (1200 °C / 24 hrs)
large area 37.9+0.1 18.8+0.2 20.8+0.4 210.5 1.4+0.1
7 (Nig) 35.7+0.1 23.240.2 28.1+0.2 11.5+0.3 1.5+0.04
B (NiAl) 41.8+0.5 13.7+0.6 11.5+1 31.6+1.4 1.30.1
bright areas 35.340.5 22.4+0.7 26.9+1.4 13.741.8 1.620.05
EK2-HT2 (1200 °C / 48 hrs)
large area 38.5+0.4 19.1+0.2 21.340.1 19.4+0.3 1.5+0.1
Y (Niyy) 36.5+0.3 22.3+0.2 27+0.3 12.60.2 1.70.1
B (NiAl) 42.1+0.3 13.740.3 11.340.2 31.5+0.4 1.4+0.1
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3.2.2.1 As cast alloy (EK2-AC)

The average composition of the as cast alloy (EK2-AC) is given in Table 3.3 and
shows that the ingot was slightly poorer in Co and Cr, richer in Al and slightly richer in Ta
compared with the nominal composition (Table 3.1). The microstructure consisted of y-
Niss, B-NiAl intermetallic and a eutectic of these phases, see figure 3.8. As it can be seen
from the BSE images, in EK2-AC there was micro-segregation of Ta in the y-Nis, see
bright areas in figure 3.8. The scale of the eutectic varied in the ingot. According to the
EDS data (Table 3.3) with the Ta addition the Cr content in the y-Niss increased compared
with the EK1-AC, but the Co and Al contents were not different from those in the first
alloy. Thus, Ta increased the solid solubility of Cr in the y-Niss. Ta also increased the Co

and Cr concentrations in the eutectic compared with the first alloy.

-

continued in the next page
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Ta rich Ni areas

Figure 3.8 BSE images of the microstructure of EK2-AC.

The XRD data (figure 3.9) confirmed the presence of y-Niss and B-NiAl and
suggested the presence of y'-Ni3zAl. The peak at around 26=61.8" did not correspond to any

of the above phases.

m(111) EK2-AC

® (111) s 7-Ni,
A [-NiAl
o 7'-NiAl

(200
A(110) @ 200

w220
®(220)

Figure 3.9 X-ray diffractogram of the EK2-AC.
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3.2.2.2 Heat treated alloy (EK2-HT)

The first heat treatment (EK2-HT1) for the alloy was for 24 hrs at 1200 °C.
Compared with the as cast alloy there was coarsening of the overall microstructure (figure
3.11). There were still some Ta rich areas in the Nig that exhibited bright contrast. After
the first heat treatment the Cr content of the y-Nig had increased and the Al content had
decreased compared with the EK2-AC. The Co and Cr concentrations in -NiAl had
decreased and the Al concentration increased compared with the EK2-AC. The presence of
v-Niss and B-NiAl in EK2-HT1 was confirmed by the XRD data (figure 3.12), which also
suggested the presence of y'-Ni3Al. The peak at around 26=61.8 was not observed.

continued in the next page
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Figure 3.10 BSE images of the microstructure of EK2-HT1.

. EK2-HT1

11

e m 7-Ni.
u200) A [-NiAl
® (200) e v'-NizAl

Relative Intensity (%)

(11 m
(1) e

m20)
®(220)
£ __‘/In P .

2Theta

Figure 3.11 X-ray diffractogram of the EK2-HT1.

After the second heat treatment (EK2-HT?2) i.e. total 48 hrs at 1200°C, the
microstructure of the EK2 alloy consisted of the y-Niss, B-NiAl and possibly y'-NizAl, as
can be seen in the SEM images in figures 3.12. The microstructure had coarsened further.

The phase identification was confirmed by qualitative EDS, as shown in figure 3.12c. The
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same was the case for the B-NiAl. The presence of y'-Ni3Al in this condition was suggested

by the XRD, see figure 3.13.

mode| HV |mag C|spot| WD
Z Cont|20.00 kV| 1500 x| 3.0 [10.3 mm

mode :
Z Cont|20.00 kV| 3 000 x

continued in the next page
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Y-Ni

Figure 3.12 BSE images of the microstructure of EK2-HT2.
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Therefore, in EK2-HT?2 the phases present were the y-Niss, B-NiAl and y'-NizAl.

EK2-HT2
A (110) n 'Y_Niss

A P-NiAl
e 7'-NizAl

211)
A

(111) m

(ne m (200)
@ (200)
(100) (200)
A A
A A

Figure 3.13 X-ray diffractogram of the EK2-HT?2.

3.3 Discussion

The microscopy based studies confirmed the presence of two phases in the as cast
alloys EK1 and EK2. For both alloys the XRD and EDS results confirmed the presence of
the (Ni)ss (Y phase), the XRD suggested the presence of the ordered B-NiAl (B2) and Y-
NizAl (L1»2) intermetallics and the EDS confirmed the presence of Al rich intermetallic
phase, which formed a lamellar eutectic with the y phase. In the heat treated alloy EK2-
HT?2 in the y phase there were 1 — 3 um precipitates of round or cubical shape, which is the
morphology that is exhibited by the Y in Ni superalloys. The latter precipitates were
observed only when a FEG-SEM (Inspect-F) was used but not with the other scanning
electron microscopes used in this research. Precipitation of another phase in the y phase in
the EK1-HT alloy was not observed with FEG-SEM.

XRD studies of MCrAlY based bond coat alloys often suggest the presence of Y
together with the dominant phases 3-NiAl and ¥ [e.g., see Fritscher and Lee, 2005]. It has
also been reported that Cr promotes the 3-NiAl formation in Ni-Al-Cr alloys and the L —
B + v eutectic [Huang et al., 1985] and that the y-NisAl is destabilized in MCrAlY alloys
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as Ni/Co > 2 [Fritscher and Lee, 2005]. Tantalum, which is the addition in the EK2 alloy,
encourages Y formation in Ni superalloys. Furthermore, the precipitation of y-Ni3Al in 7y
with the morphology of the ' precipitates being similar to that observed in this study has
been reported by Aurélie Vande Put et al (2010) in 70 - 80 wm thick sprayed
NiCoCrAlYTa bond coats and Pt modified NiCoCrAlYTa bond coats after heat treatment.
In this study the y-NisAl in 7Y was observed using SEM and its size was ~ 0.4 um.
Understanding the evolution of the microstructures of Ni-Al based alloys is
challenging given the uncertainties (and disagreements over the years) about the Ni-Al
binary phase equilibria (the phase equilibria close to the melting point of the Y-NizAl
phase have been the subject of debate over the last 40 years) and consequently for the
ternary Ni-Al-Cr phase equilibria, see chapter 1, section 1.10. Indeed, in the Ni-Al system
alloys with compositions around NizAl show a rather complicated phase selection and
growth morphology sequence. This is an unsatisfactory situation because the Ni-Al binary
forms the basis of modern superalloys (the seriousness of this problem was recently
realized by users of Ni superalloys and a “re-evaluation” of thermodynamic data for these
alloys is underway). As discussed in the section 1.10 (see figure 1.13) the “accepted”
binary phase diagram is the one that exhibits a peritectic reaction between y and Y at ~
1362 °C and a eutectic between B and Y at ~ 1360 °C. Another version of the phase
diagram gives a eutectic between y and Y at ~ 1385 °C and a peritectic between 3 and Y at
~ 1395 °C. These binary phase diagrams are reproduced below in figure 3.14. Both

diagrams show that the two intermetallics exhibit a solubility range for Al.
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Figure 3.14 Versions of the Ni-Al binary system [Hunziker and Kurz, 1999].

Regarding the alloying additions, the phase equilibria data for Ni-Cr-Al shows that
Cr has solid solubility in both the Ni3zAl and NiAl, for example in the former its s.s can be
~ 7.5 at% Cr at 1200 °C and ~ 15 at% Cr at 900 °C [Huang and Chang, 1999] and in the
latter ~ 15 at% Cr and ~ 5 at% Cr at the same temperatures. In the case of Co, the Ni-Co-
Al phase equilibria data shows that the NiAl and CoAl form a continuous solid solution
phase and that the s.s of Co in the Ni3Al decreases with increasing temperature, from ~ 30
at% Co at room temperature to ~ 18 at% Co at 1100 °C [Kainuma (1996), Protopopescu
(1991)].

MCrAlY coatings are reported to have a dual-phase microstructure consisting of
the v (Ni)ss and B-NiAl phases with occasional y-Ni3Al and o ((Cr)ss). The coatings are
applied using plasma spray techniques or EB-PVD, as discussed in chapter 1, section
1.2.2, in which the solidification conditions are far from equilibrium. For example, in
LPPS the cooling rate is reported to be ~ 10°K/s [Fritscher and Lee, 2005]. Under such
conditions metastable phase formation and suppression or slowing down of solid state
transformations (that would otherwise occur) during solid state cooling is possible. In the
literature there are hardly any studies where MCrAlY coatings are compared in their
conventionally cast and plasma sprayed conditions. The discussion below will highlight
the reasons why such studies are crucial given the dependence of y-NizAl and B-NiAl

formation on solidification conditions.
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The microstructures of the alloys EK1 and EK2 can be considered using the Ni-Cr-
Al ternary phase equilibria [Fritscher (2003), Rogl et al (1991)] where in both alloys Co is
calculated together with Ni (because of their s.s) and in the alloy EK2 the Ta is calculated
with Ni (the maximum s.s of Ta in Ni is about 11 at%). The liquidus projection of the Ni-

Cr-Al system is shown in figure 3.15.

A0

Cr

Figure 3.15 Al-Cr-Ni computed liquidus projection [Huang and Chang, 1999].

where the red full lines correspond to EK2-AC for the composition 59.1Ni-21.7Cr-19.2A1
(at%) and the blue full lines correspond to the EK1-AC for the composition 62.6Ni-
19.9Cr-17.6Al (at%), see Tables 3.2 and 3.3. In the Ni-Al-Cr liquidus projection the EK1-
AC alloy falls in the 7y field (y primary phase) and very close to the ¥ + B2 eutectic, which
means that as the temperature drops the y + B2 eutectic will form. In the same projection
the EK2-AC alloy falls almost on the Y+ B2 eutectic, which could explain the high volume
fraction of the latter in this alloy (see section 3.2). Bezencon et al (2003) also reported
isopleths of the NiCoCrAl system, which were calculated with ThermoCalc and a
commercial Ni database (neglecting Y), where an alloy with nominal composition Ni-
23Co0-20Cr-8.5A1-0.5Y-trace Ta (wt%), (i.e., essentially an alloy of the same composition

as EK2) was expected and was observed to have y + B eutectic microstructure.
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The invariant eutectic reaction L — B2 + ¥ (Ni) + a (Cr) exists in the Ni-Al-Cr
ternary, see figure 3.15., and experimental work has located it at 1320 °C + 10 °C [Rogl,
1991]. In the quaternary Ni—-Co—Cr—Al system, in which the actual alloy EK1 belongs, the
above eutectic reaction still has one degree of freedom and therefore freezing occurs over a
melting range.

Metastable  + 7y eutectic is possible in the Ni-Al system according to the
“accepted” Ni-Al binary phase diagram (see figure 3.16). In this diagram, 3 and y phases
are in equilibrium with the liquid over a range of compositions around ~ 25 at% Al.
Hunziker and Kurz (1999) grew B + vy eutectics in directionally solidified Ni-24.5A1 (at%)
alloys at 10, 30 and 100 wm/s and Lee and Verhoeven (1994 (b)) observed P + 7y eutectic
down to 0.8 um/s. The “average” composition of the metastable eutectic was ~ 24.5 at%
Al [Lee and Verhoeven, 1994 (b)] and the calculated transition between 7y plane front and 3
+ v eutectic solidification was given at ~ 22-21.8 at% Al by Hunziker and Kurz (1999).
Modelling of competitive growth in a positive temperature gradient by these researchers
predicted formation of the B + 7y eutectic at all velocities down to 1 wm/s. The stable
eutectic (i.e., the B + ¥ eutectic) was not predicted to form above 10 wm/s. According to

Assadi et al (2006) the growth of NiAl becomes sluggish as its Al content increases.

Peritectic

Temperature

B-y metastable eutectic

-

Composition

Figure 3.16 Equilibrium and metastable eutectics in the Ni-Al system [Hunziker and Kurz,

1999].
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Jiangiang Li et al (2001) studied the dependence of B and ¥ formation on cooling
rate in conventionally cast 12 mm thick buttons (dT/dt ~ 10 K/s) and rapidly solidified 70
um thick ribbons (dT/dt ~ 10° to 10° K/s) of NixAlipox (x=70, 75 and 80) alloys and
reported that the vol% of ¥ increased and of B decreased as the cooling rate increased. In
the ribbons the B (L1,) martensite was formed during solid state cooling and disappeared
after annealing.

The ternary Ni-Cr-Al phase equilibria (see figure 3.15) would suggest the
formation of eutectic in the as solidified microstructures of the alloys EK1 and EK2.
According to the XRD and EDS data there was no a (Cr) in the as solidified
microstructures of the alloys EK1 and EK?2. The finest spacing between eutectic lamellae
in EK1-AC was ~ 10 m, which, according to the data of Hunziker and Kurz corresponds
to growth velocity for the B + y eutectic ~ 1800 um/s and the “coarsest” spacing was 3 107
m, which corresponds to growth velocity for the B + y eutectic ~ 150 um/s (see figure 3.17
which is from Hunziker and Kurz, 1999). In the case of EK2-AC the finest spacing
between eutectic lamellae was 4.5 10 m, which corresponds to growth velocity for the B
+ v eutectic ~ 38 um/s and the "coarsest" spacing between eutectic lamellae was 15 10° m,
which corresponds to growth velocity of the 3 + v eutectic ~ 1.6 wm/s. Furthermore, the
average Al content of the eutectic in the as cast alloys was 21.5 and 20.7 at% Al for EK1-
AC and EK2-AC, respectively. The above data for EK1 and EK2, when considered in the
context of the work discussed previously and data about the s.s of Cr and Co in NiAl,
provides further support for the presence of B and B + 7 eutectic in the as cast

microstructures of the two alloys.
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Figure 3.17 Eutectic lamellar spacing vs growth velocity and A2V=constant lines, for the

stable (B-y') and metastable (B-y) eutectics [Hunziker and Kurz, 1999].

The segregation of elements in the cast alloys can be quantified with a solute
partition coefficient k’; = Ci¥/C;i¥'B euetic where i corresponds to the different elements and
Ci is the measured concentration of element i in either the y phase or the ¥ + 3 eutectic. The
results for EK1-AC are kK'a1 = 0.73, K'cr = 1.1 and k’co = 1.27 and for EK2-AC are kA =
0.73, K'cr = 1.21, K'co = 1.14 and k’ta = 1 and 3.75, meaning (a) that Al partitions to the ¥ +
B eutectic and Cr, Co and Ta to the Nig and (b) that the addition of Ta does not affect the
partitioning of Al but enhances the partitioning of Co and Cr.

Because the solid state diffusion coefficients are relatively large in the Ni-Al
system, solidification microstructures can change significantly during cooling. Lee and
Verhoeven (1994 (b)), from their study of quenched directionally solidified interfaces of
Ni-Al binary alloys, reported that upon quenching a metastable interface between the 3
and 1y phases in the (metastable) B + 7y eutectic would decompose into the Y’ phase and that
this reaction can occur so rapidly that it might not be possible to quench fast enough to
preserve the interface between the B and 7y phases at room temperature. On this basis, and
given that the XRD suggested presence of the Y in the EKI-AC and EK2-AC
microstructures, if this phase was indeed present its most likely location would be at the
interfaces between 3 and 7y phases in the  + 7y eutectic. This could explain why the

compositions of some of the intermetallic lamellae in the eutectic in EK1-AC were slightly
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poorer in Al (see section 3.2.1.1). The addition of Ta in the alloy EK2 would be expected
to decrease diffusivity in this alloy, which should make the aforementioned decomposition
into the ¥ phase more difficult, compared with EK1. This would explain why only one
analysis of intermetallic lamella in EK2-AC gave a composition close to the Y phase
(39.4Ni-17Co0-16.8Cr-25.6Al-1.2Ta (at%)).

The heat treated microstructures of the two alloys can be now considered using
isothermal sections for the Ni-Al-Cr system. Figures 3.18 to 3.21 are the isothermal

sections at 1200 °C, 1150 °C, 1050 °C and 1000 °C.
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Figure 3.18 AI-Cr-Ni computed isothermal section at 1200 °C [Dupin et al, 2001].
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Figure 3.19 AI-Cr-Ni computed isothermal section at 1150 °C [Huang and Chang, 1999].
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Figure 3.20 Al-Cr-Ni computed isothermal section at 1050 °C [Huang and Chang (1999),
Dupin et al. (2001)].
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Figure 3.21 Al-Cr-Ni computed isothermal section at 1000 °C [Dupin et al. (2001), Huang
and Chang (1999)].

In these figures the thin red full lines correspond to EK2-HT?2 for the composition
59.1Ni-21.3Cr-19.4Al and the thin blue full lines correspond to the EK1-HT1 for the
composition 62.6Ni-19.5Cr-17.9Al. In both alloys Co is calculated together with Ni
(because of their s.s) and in EK2 the Ta is also calculated with Ni (the maximum s.s of Ta
in Ni is about 11 at%).

In the 1200 °C isothermal section (figure 3.18) both alloys fall in the B2 (NiAl) + v
region. For the EK2 alloy the dotted red lines give the Cr and Al contents of each phase,
which are given in the data in Table 3.3 and help to define the tie line for this alloy (green
line), which is in excellent agreement with the experimental tie lines given in this part of
the two phase field in the phase diagram. For the EK1 alloy the dashed blue lines give the
Cr and Al contents of the two phases, which are given in the data in Table 3.2, and help to
define the tie-line for this alloy. The observed microstructures at 1200 °C can be explained

by the phase equilibria only for the EK1-HT (because in EK2-HT?2 there is precipitating of
Y in the 7).
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The solid state partitioning of elements between the y-Nigs and B phases can be
calculated using the solid state partitioning coefficient k;¥® = C;¥/Ci® where i corresponds to
the different elements and C; is the measured concentration of element 1 in either the y
phase or the B phase. The results for EK1-HT1 are ka"P = 0.43, ke = 2.35 and kco"P =
1.83 and for EK1-HT?2 are ka"® = 0.52, ke,”® = 1.79 and kco”® = 1.28, meaning (a) that Al
partitions to the  and Cr, Co to the Niss and (b) that upon longer exposure to temperature
the partitioning of Al to the P increases and the partitioning of Co and Cr to the Nis phase
decreases. The results for EK2-HT1 are kai”® = 0.36, kP = 2.44, kco"® = 1.69 and k1P =
1.15 and for EK2-HT2 are ka"® = 0.4, ko™ = 2.39, keo” = 1.63 and kP = 1.21,
meaning (a) that Al partitions to the B and Cr, Co and Ta to the Nig and (b) that upon
longer exposure to temperature the partitioning of these elements between 3 and y does not
change significantly. Comparison of the data for ki"® for the two alloys shows that alloying
with Ta affected the partitioning behavior of Al, Co and Cr between the two phases.

In the 1150 °C isothermal section (figure 3.19) both alloys also fall in the two
phase B2 + vy field. Only the two phase B and y microstructure of EK1-HT1 can be
explained by the phase equilibria at 1150 °C.

In the 1050 °C isothermal section (figure 3.20) the ¥ + (Ni) + B2 phase field is
labeled incorrectly, it should be B2 + (Ni) + (Cr) or B2 + v + o(Cr). In this isothermal
section the alloy EK1 falls in the three phase ¥ + 7 + B2 field and is very close to the two
phase y + B2 field. Thus the two phase § and y microstructure of the EK1-HT could also
be explained by the phase equilibria at 1050 °C, if small errors were allowed in the phase
fields in the isothermal section in figure 3.21.

In the 1050 °C isothermal section (figure 3.20) the alloy EK2-HT falls in a three
phase field but this is the wrong field (B2 + y + (Cr) field) as no (Cr) was observed in the
NiAl. This alloy is also close to the two phase 'y + B2 field.

In the 1000 °C isothermal section (figure 3.21) the pink lines in correspond to EK1-
HT?2 for the composition 64Ni-21.5Cr-14.6Al (at%). The alloy falls in the two phase y+Y
region but if it is assumed that the compositions of the phases in Table 3.2 correspond to 7y
and 7 rather that y and B2 then the tie line does not make sense (falls outside the y+Y two
phase field).
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The alloy EK1-HT1 (62.6Ni-19.4Cr-17.9Al) falls in the three phase B2 + v + ¢
field with the blue dotted lines giving the Cr concentrations in the B2 and ¥ respectively as
~ 8 at% Cr and ~ 26 at% Cr and the corresponding Al concentration of the B2 and y
respectively as ~ 33 at% Al and 13 at% Al from the calculation of Huang and Chang and ~
9.5 at% Cr and 27. 5 at% Cr and the corresponding Al concentration of the B2 and vy
respectively as ~ 31.5 at% Al and 12.5 at% Al from the calculation of Dupin et al. (2001).
Only the B2 compositions from the two calculations are in good agreement with the
experimental data in Table 3.2.

If there was Y in EK1-HT1, then its Cr and Al contents calculated from the corner
of the B2 + y + Y triangle would be ~ 8at% Cr and 22 at% Al respectively from the
calculation of Huang and Chang (1999) and ~ 10.5at% Cr and 23 at% Al from the
calculation of Dupin et al. (2001). These values are not close with the experimental data. If
the ¥ was indeed present in the EK1 alloy (which seems unlikely according to Ni-Al-Cr
phase equilibria), most probably it will be of nanometer size and precipitated in the 7y (as
suggested by the results for EK2-HT2 and Aurélie Vande Put et al., 2010), but would be of
smaller size than the Yy in EK2-HT (beyond the resolution of FEG-SEM), which could
explain why it was not observed by FEG-SEM.

The alloy EK2-HT?2 (thin red lines) is very close to the two phase B2 + 7 field that
separates the B2 + y + ¥ three phase field from the B2 + (Cr) + 7y three phase field, and
falls in the latter in the above (1000 °C) isothermal section.

The microstructural data (accepting that the fine precipitates in Yy are due to
precipitation of ¥) would suggest that the alloy EK2-HT2 had a three phase B2 + vy + Y
microstructure but the chemical analysis data available from this research is only for two
phases, namely the B2 and y. The compositions of the two phases are indicated by the
intercepts of the thick red lines and are on the same line (tie line?) with the alloy
composition (thick dashed line).

Figure 3.23 shows the fractions of phases as a function of temperature for the alloy
EK2, which were calculated using a commercial Ni database. The data shows that the
phases predicted at 1200 °C, 1150 °C and 1050 °C are the y and  and the 3, y and a Cr rich
phase at 1000 °C, with the 7y being present below 950 °C.
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Figure 3.22 Thermodynamic calculations for alloys EK1 and EK2.

In conclusion, the available phase equilibria can explain only the microstructure of
the alloy EK1. According to the EDS data for the alloys EK1 and EK?2 given in the Tables
3.2 and 3.3, the addition of Ta increased the solid solubility of Cr in the y-Nis. This is
considered beneficial for the bond coat in a hydrogen rich environment owing to the
effectiveness of Cr in Type II hot corrosion behavior. Table 3.4 shows the Cr/Al ratio in
the y-Niss phase in the two alloys. For both alloys this ratio increased after the heat
treatment. In percentage terms the increase was more significant in the alloy EK2. After
the second heat treatment, the Cr/Al ratio was 20% higher compared with the alloy EK1, in

the as cast and heat treated conditions.

Table 3.4 The Cr/Al ratio in the y-Niss (the two ratio values for EK2-AC are given owing

to the formation of Ta rich y-Niss in the cast alloy).

Alloy | AC HT1 | HT2

EK1 1.3 1.6 1.5
1.7

EK2 2.4 2.1
1.8

88



Another effect of the addition of Ta in the alloy EK2 was to reduce slightly the
content of Al in NiAl in the as cast condition and after the first heat treatment compared
with the alloy EK1 and to stabilize it to about 31.5 at% Al in the EK2 (Tables 3.2 and 3.3).
The s.s of Cr in the NiAl increased with the Ta addition, and like Al, stabilized after the
second heat treatment. The Al/Cr ratio in the NiAl was higher in the alloy EK1-AC and
EK1-HT1 compared with the EK2-AC and EK2-HT1 (Table 3.5), owing to the higher Cr
content in the intermetallic in EK2, but was lower in the EK1-HT2 compared with the
EK2-HT2. The data would thus suggest that the Ta addition was beneficial for the NiAl as
with prolonged exposure to high temperature its Al/Cr ratio increases by about 31%

compared with the cast condition.

Table 3.5 The Al/Cr ratio in the B-NiAl.

Alloy AC HT1 HT2
EK1 24 3.5 2.3
EK2 1.9 2.75 2.8

The Ta addition also had a significant effect on the volume fraction of phases
(Table 3.6). Indeed, in the alloy EK2 the dominant phase was the NiAl and its volume

fraction was almost double that in the alloy EK1.

Table 3.6 Effect of Ta on the vol % of phases in the two alloys.

Alloy AC HT1 (1200 °C / 24 hrs)
Y-Ni_ B-NiAl y-Ni B-NiAl

EK1 74 26 67 33

EK2 43 57 38 62
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3.4 Conclusions

In this chapter two MCrAl based alloys of nominal compositions (Ni-20.4Co-
20.1Cr-16.4Al (alloy EK1) and Ni-20.1C0-19.8Cr-16.3Al-1.1Ta (alloy EK2) were studied
in the cast and heat treated conditions in order to understand the effect of the addition of
Ta has in the microstructure. The microstructures of both alloys contained the y-Nigs and -
NiAl and a B + 7y eutectic in the as cast condition. The y'-NizAl probably had formed in the
EK1-AC during solid state cooling at the B/y interface and in the EK2-HT via precipitation
in the y-Nig. Tantalum almost doubled the vol% of B-NiAl, which became the dominant
phase in EK2. Tantalum also increased the solid solubility of Cr in the y-Nig. In both
alloys the Cr/Al ratio in the y-Niss phase increased after the heat treatment and was 40%
higher in the alloy EK2. The Ta addition caused an increase of the Al/Cr ratio in the -
NiAl by about 47% compared with the as cast condition. The available phase equilibria for
Ni-Cr-Al could account for the microstructures only of the alloy EK1 in both conditions

and for EK2 only in the as cast condition.
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Chapter 4 — EK3, EK4, EKS alloys

4.1 Introduction

The bond coat alloys developed in this study are designed to form alumina TGO
owing to its favourable properties as protective and slow-growing oxide (see section 5.1).
Alumina provides a better scale than chromia, which however has a better adhesion to the
substrate. Alumina has a lower coefficient of thermal expansion (CTE) than the zirconia
topcoat (8%10% K vs 11.5%10°° K™! by Cao et al. 2004), thus the strain is increased with
the thickness of the TGO. Fracture occurs in the alumina TGO and its interfaces with the
substrate and the topcoat. Reactive elements (RE) such as Hf and Y can be used to
alleviate some of the problems of the alumina TGO. It is thought that RE additions
improve the behaviour of alumina via enhanced oxide-scale plasticity, pegging or
modification of oxide growth mechanisms [Whittle and Stringer, 1980]. This chapter
focuses on the effects of the synergy of Ta with the reactive elements Y and Hf and with Si
additions on the microstructure of cast and heat treated (1200 °C) NiCoCrAl based bond
coat alloys. The alloys to be considered in this chapter are the alloys EK3, EK4 and EK5

with the nominal compositions given in Table 4.1.

4.1.1 Selection of alloys

The choice of alloying additions in the BC is important for determining its
performance in service and the integrity and quality of the BC/substrate interface. Reactive
elements in the bond coat are thought to promote adhesion and improve the thermal
expansion matching with the substrate.

The nominal composition of the alloy EK3 was Ni-23Co-20Cr-8.5A1-4Ta-0.6Y
(wt%). The Y was added to improve the oxide scale (TGO) adhesion. There is a “school of
thought” that Y reduces the oxidation rate [Allam et al., 1978]. However, there are
conflicting reports on this issue with some evidence suggesting that Y has either no effect
or even a harmful effect on weight gain compared with the same alloy without Y addition

[Kuenzly and Douglass, 1974]. Sulphur is expected to induce de-adhesion and spallation

91



when present at the substrate/BC interface. Yttrium limits the interfacial segregation of
sulphur by gettering impurities like sulphur. The latter is thought to occur via the
formation of Y20,S compounds that reduce sulphur diffusion. Yttrium is also expected to
affect the growth of the alumina scale. The distribution of Y in the coating depends on the
manufacturing technique and the coating composition [Nallan, 2000]. Beneath the alumina
scale Y oxidises and forms yttria or Y-aluminate. The latter has been reported to exist as
isolated islands in the alumina scale or to extend between the BC and the TGO as finger
like oxides possibly linked with Y rich precipitates formed in the BC [Sartwell, 2012]. The
oxide fingers or pegs (which can also form with Hf additions) limit spallation. Residual
stress measurements have shown that the TGO stresses are higher in the presence of Y
[Bose, 2007]. This has been attributed to the yttria dispersion in the TGO resulting in
higher creep strength and elimination of stress relaxation. Furthermore, the lifetime of
TBCs on bond coats with Y or Hf addition is significantly higher than on those without Y
addition. It is believed that the presence of yttrium in the bond coat increases the thermal-
expansion coefficient and helps alleviate the stresses arising from the thermal-expansion
mismatch between the ceramic top-coat and the underlying metal [Wang 2004, Vangas
1980].

Hf in general plays a similar role with that of Y. Hafnium like Y promotes scale
adhesion [Pint et al., 1998] and improves the spallation resistance of a TBC [Reed et al.,
2003]. Silicon 1is also considered to be beneficial for limiting alloy oxidation and for
improving the CTE of the bond coat. In the EK4 alloy 0.8 wt% of Hf was added and the
nominal composition was Ni-23Co-20Cr-8.5A1-4Ta-0.6Y-0.8Hf (wt%). Addition of
hafnium in the bond coat in TBC is expected to enhance the grain boundary strength and
also to increase the adhesive strength of the TGO-BC alloy interface and is important for
the oxidation resistance of the bond coat [Smeggil 1987, Goward 1986].

In the alloy EKS with nominal composition Ni-23Co-20Cr-8.5A1-4Ta-0.6Y-0.8Hf-
251 (wt%) the Si was added to increase the resistance to both oxidation and hot corrosion
since the synergy of chromium and silicon is beneficial against Type II hot corrosion. It
has also been suggested by Jiang (2010), Shirvani (2004) and Grunling (1982) that Si
affects phase stability in BC alloys.
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4.2 Results

The nominal compositions of the alloys EK3, EK4 and EKS are given in Table 4.1
whereas the actual ones that were determined by EDS are given in Table 4.2. In the alloy
EK3, where Y was the new alloying addition, the Cr content was decreased by 2.4 at%
whereas the Al content was increased by 3 at%, compared with the nominal composition
given in Table 4.1. In the alloy EK4, where Hf was the new alloying addition the Cr
content was slightly lower whereas the Al and Ta contents were higher compared with the
nominal composition. In the alloy EKS5, Si was the new alloying addition and by
comparing the nominal with the actual composition in Tables 4.1 and 4.2, is shown that
Co, Cr and Ta contents were slightly decreased and the Al and Si contents were increased
significantly. These differences in composition demonstrated how difficult it is to get the
nominal composition in the cast alloy owing to the wide range of melting points of the

alloying elements.

Table 4.1 Nominal compositions of the alloys EK3, EK4 and EKS.

Alloy Ni Co Cr Al Ta Y Hf Si
EK3 wt% 43.9 23 20 8.5 4 0.6 - -
EK3 at% 425 | 20.1 19.8 | 16.2 1.1 0.3 - -
EK4 wt% 43.1 23 20 8.5 4 0.6 0.8 -
EK4 at% 424 | 20.1 19.7 | 16.2 1.1 0.3 0.2 -
EKS5S wt% 41.1 23 20 8.5 4 0.6 0.8 2
EKS5 at% 409 | 193 | 19.1 15.6 1.1 0.3 0.2 3.5
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Table 4.2 Actual compositions of the alloys EK3, EK4 and EKS.

Alloy Ni Co Cr Al Ta Y Hf Si
EK3 wt% 454 | 223 | 169 9.6 5.5 0.3 - -
EK3 at% 414 | 203 | 174 19.2 1.6 0.1 - -
EK4 wt% 454 | 22.1 | 163 9.9 6 0.1 0.2 -
EK4 at% 415 | 20.1 | 169 19.6 1.8 0.1 0 -
EKS5 wt% 44 20.5 | 19.6 8.7 2.7 0.7 1.8 4
EK5 at% 38.7 18 17.5 16.7 0.8 0.4 0.5 7.4

4.2.1 Ni-20.1C0-19.8Cr-16.2A1-1.1Ta-0.3Y (alloy EK3)

The EK3 alloy was designed in order to study the effects of Y in its microstructure.
As already discussed Y is expected to improve the adherence of Al>O3 scale to the base
material and the oxidation resistance of the BC [Reed, 2008], see the introduction (section

4.1.1).
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Table 4.3 EDS analysis (at%) data of the EK3 alloy in the as cast and heat treated conditions.

Area/Phase(s) Ni Co Cr Al Ta Y
EK3-AC
large area 41.4+0.1 20.320.4 17.440.3 19.240.7 1.62+0.04 0.1
v (Niss) 40.6+0.4 22.5+0.6 19.3+0.8 15.8+1 1.4+0.6 0.2
B (NiAl) 42.4+0.5 14.4+0.1 10.640.2 30.9+0.7 1.64+0.3 0
Y ich intermetallic 38.8+2 14.3+1.7 12.842.2 11.142.5 1.30.1 21.6+5
phase
EK3-HT1 (1200 °C / 24 hrs)
large area 41.7+0.3 20.420.2 17.30.1 18.9+0.3 1.50.1 0.04
v (Niss) 40.7+0.2 23.2+0.2 21.4+0.4 13.120.5 1.60.1
B (NiAl) 44.4+0.8 13.9+1.1 9+1.4 315421 1.10.1 0
MsY 50.5+1.3 12.440.5 6.7+1.3 15.240.6 0.3+0.2 14.741.2
EK3-HT2 (1200 °C / 48 hrs)
large area 41.9+0.5 20.420.4 17.340.5 18.6+0.8 1.60.1 0.3
v (Niss) 41.120.7 22.7+0.3 20.10.4 14.4+0.5 1.70.1 0
B (NiAl) 44.2+0.1 13.8+0.3 8.420.1 32.4%0.3 1.20.1 0
MsY 51.6+0.2 12.140.3 5.2+0.3 15.340.5 0.1 15.740.2
M.Y. 10.4+3.9 5.7%1.9 6223 1.8+0.5 0 76.4+8.5
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4.2.1.1 As cast (EK3-AC)

The average composition of the as cast alloy (EK3-AC) is given in Table 4.3 and
shows that the ingot was poorer in Cr and richer in Al and Ta contents compared with the
nominal composition. The microstructure consisted of y-Niss and B-NiAl intermetallic and
an Y rich intermetallic phase and a second phase in the y-Niss, which is believed to be the
v'-NizAl, see figures 4.1 and 4.2. It should be noted that the fine second phase in the y-Niss
could be seen only when the high resolution SEM (Inspect F) was used. As it can be seen
from the BSE images, in figures 4.1 and 4.2 in EK3-AC there was micro-segregation in the
microstructures. Based on the results of EK2-AC and the composition of EK3 the micro-
segregation was attributed to both the Ta and Y additions. The scale of the intermetallics
varied in the ingot. According to the EDS data (Table 4.3) the Cr content in the y-Niss
(with y'-Ni3Al) was lower compared with the EK2-AC which could be due to the lower Cr
content in the alloy, but the Co and Al contents were not different from those in the EK2
alloy. Similar decrease in the Cr content was observed in the B-NiAl intermetallic

compared with the EK2-AC and its Al content was slightly increased.

continued in the next page
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Figure 4.1 BSE images of the microstructure of EK3-AC.

The XRD data (figure 4.3) confirmed the presence of y-Nig and B-NiAl and
suggested the presence of y'-NizAl in the microstructure, which is believed to be the
second phase formed in the y-Nig, as seen in figure 4.1b. EDS analysis confirmed the
presence of an Y rich intermetallic phase, which could be the MsYz (Y~25-26 at%). In the
XRD diffractograms only one peak could correspond to the former intermetallic, but this
peak coincided with other phases. The addition of Y in the alloy EK3 had a dramatic
change in the architecture of the microstructure. The y-f eutectic seen in EK2-AC was not

observed in the alloy EK3.
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Figure 4.2 BSE image and EDS spectra of the EK3-AC showing presence of (a) y-Niss, (b)
B-NiAl and (c) Y rich intermetallic phase.
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Figure 4.3 X-ray diffractogram of the EK3-AC.

4.2.1.2 Heat treated (EK3-HT)

The first heat treatment for the alloy (EK3-HT1) was for 24 hrs at 1200 °C.
Compared with the as cast alloy the B-NiAl intermetallics had coarsened. There were Y
rich areas present at the interface of 3-NiAl and y-Niss that exhibited white contrast (figure
4.4). After this heat treatment the y'-NizAl precipitates that were present in the as cast
condition (figure 4.1) could not be seen easily. The composition of the Y rich
intermetallics corresponded to MsY (Table 4.3) and compared with the EK3-AC, it was
richer in Al and poorer in Co, Cr and Ta. In the y-Niss the Cr content was increased and the
Al was decreased compared with the EK3-AC. In the B-NiAl the Al content increased and
the Cr content decreased in comparison with the as cast alloy. The presence of y-Niss, -
NiAl and M5Y in EK3-HT1 was confirmed by the XRD data (see figure 4.5), where there

was also one peak could be attributed to y'-NizAl.
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Figure 4.4 BSE images of the microstructure of EK3-HTT1.
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Figure 4.5 X-ray diffractogram of EK3-HT1.

After the second heat treatment (EK3-HT?2) at 1200 °C for another 24 hrs (i.e., 48
hrs in total) the alloy microstructure consisted of the y-Niss, B-NiAl, M5sY, MxY, and y'-
NizAl as can be seen in figures 4.6 and 4.7. There was evidence for the precipitation of y'-
NizAl in the y-Niss, see figure 4.6. The microstructure had coarsened even further after this
heat treatment (solute rich areas at the y-Nig - B-NiAl interface was eliminated. The EDS
data (see Table 4.3) for the Y rich areas had high standard deviation which is the reason
why these intermetallics have been labelled MxY.. The Ni, Co, Cr and Al contents were
significantly lower in MxY, compared with MsY, whereas the Y content was lower in the
MsY and close to the NisY stoichiometry. The compositions of the Y rich intermetallics
corresponded to NisY and NiY3. The XRD data (see figure 4.8) suggested the presence of
v-Nig, B-NiAl and y'-NizAl and there were no peaks corresponding to NisY or NiYs.

101



MY or MY,

VNI + V- NRAL

W-Ni+ v Ni;Al

Figure 4.6 BSE images of the microstructure of EK3-HT?2.
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Figure 4.7 BSE images and EDS spectra of the EK3-HT2 showing presence of (a) y-Niss,
(b) B-NiAl and (c¢) Y rich phase.
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Figure 4.8 X-ray diffractogram of EK3-HT?2.

4.2.2 Ni-20.1C0-19.7Cr-16.2A1-1.1Ta-0.3Y-0.2Hf (alloy EK4)

The EK4 alloy was designed in order to study the synergistic effects of Ta with two
reactive elements (RE) (Y and Hf) being simultaneously present in the microstructure. Hf
is expected to increase the adherence of the Al>O3 scale with the BC and to improve hot
corrosion resistance and oxidation resistance [Unocic and Pint 2010, Gupta and Duvall

1984], see also introduction (see section 4.1.1).

4.2.2.1 As cast (EK4-AC)

The average composition of the as cast alloy (EK4-AC) is given in Table 4.4 and
shows that the ingot was richer in Cr and poorer in Al compared with the nominal
composition. The as solidified microstructure of EK4 is shown in figures 4.9 and 4.10. The
microstructure contained the solid solution y-Niss and the intermetallic B-NiAl and white
contrast areas, the latter were observed in BS imaging (figure 4.9). The former two phases,
v-Niss and B-NiAl, were confirmed by the XRD data (see figure 4.11) and the EDS data
(see Table 4.4). The XRD also suggested the presence of Nij7Yo.
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Table 4.4 EDS analysis (at%) data of EK4 alloy in the as cast and heat treated conditions.

Areas/Phase(s) Ni Co Cr Al Ta Y Hf
EK4-AC
large areas 41.5+0.4 20+0.1 16.9+0.2 19.6+0.4 1.8+0.1 0.1 0
v (Niss) 40.5+0.6 22.2+0.5 20.2+0.3 15.440.4 1.7+0.2 0 0
B (NiAl) 42.3+1.1 15.5+0.5 10.9+0.9 29.8+0.6 1.4+0.3 0 0
(B+7)eutectic 35.7+12.5 16.7+1.3 12.4+1.6 27+2.8 1.3+0.2 0 0
white contrast
45.9+0.7 15.6%1 10+1.8 14.5£2.4 3.6+0.6 5.3#1.1 5+1.3
areas
EK4-HT1 (1200 °C/ 24 hrs)
large area 42+0.3 20+0.2 17.240.2 19+0.6 1.7+0.1 0.1 0
v (Niss) 40.3+0.3 23.5+0.1 22.1+0.4 12.2+0.4 1.8+0.1 0 0
B (NiAl) 44.7+0.3 13.5+0.3 8.3+0.2 324+0.3 1.4+0.1 0 0
black contrast
40+1.3 19.842.1 17.443 20.8+£3.9 1.840.1 0 0
Al rich phase
black contrast
38.4+0.2 22.8+0.8 21.7+0.1 15+0.6 1.9+0.3 0 0

Cr rich phase
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white contrast

50.2+0.5 11.9+0.4 6.7+0.2 15.840.2 1.440.1 11.940.3 1.9
phase
bright contrast
23.248.3 8.6+2 5.7+0.5 5.1+4 28.4+5.7 6.7+4 22.1+4.4
phase
EK4-HT2 (1200 °C / 48 hrs)
large area 41.8+0.2 19.940.2 17.1£0.2 19.3+0.2 1.740.1 0.1 0
v (Niss) 40.4+0.2 23.540.1 21.8+0.4 12.240.3 1.840.1 0 0
B (NiAl) 44.9+0.4 13.1+0.2 7.7+0.2 32.840.4 1.340.1 0 0
white contrast
29.8+1.4 18.1+1.6 17.7+1.9 6.2+0.9 12.4+3.4 2.6+0.9 1343.1
featureless
white contrast
areas with
47.3+7 12.4+1 6.6x1.5 14.6%2.6 1.5%1.5 12.542.1 3.3+4.7
other phases
present
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The B-NiAl intermetallic had formed a eutectic with the solid solution, similar to
that seen in EK2-AC. Segregation of Ta, Y and Hf at the interface of the y-Nis with -
NiAl can be seen in the white contrast areas in the BSE images in figure 4.9 and in figure
4.10. The bright contrast areas were rich in Ta, Y and Hf. The EDS analysis suggested that
these areas contained ~5 at% Y and 5 at% Hf. If we allow for Hf solid solution in the Y
containing intermetallic, then Y+Hf ~ 10 at% which could be the Nij7Y> intermetallic
suggested by the XRD. There was no evidence (at the resolution of FEG-SEM) of y'-NizAl
precipitation in the y-Niss, even though the XRD data contained peaks that corresponded to

this intermetallic.

Figure 4.9 BSE images of the microstructure of EK4 alloy in the as-cast condition.
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Figure 4.10 BSE image and EDS spectra of the EK4-AC alloy showing presence of (a) Hf
rich phase, (b) B-NiAl and (c) y-Niss.
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Figure 4.11 X-ray diffractogram of the EK4-AC.

4.2.2.2 Heat treated (EK4-HT)

The first heat treatment (EK4-HT1) was for 24 hrs at 1200 °C. Compared with the
as cast alloy the microstructure was coarsened, and new phases were formed that were
either rich in Y or Ta and Hf and with compositions different from the white contrast
phases in EK4-AC (Table 4.4). The presence of y-Niss and B-NiAl in EK4-HT1 was
confirmed by the XRD data (figure 4.13), which also suggested the presence of y'-NizAl.
However, no y' particles were seen in the y-Nig. In the XRD diffractograms there were
also some peaks that could correspond to the NisY and Nij7Y2 phases. The white contrast
phase with Y~11.9 at% could be the Nij7Y2 and if there was solid solution of Hf in the Y
rich intermetallic then Y+Hf ~15 at % and the phase could be the NisY also suggested by
the XRD. The Co and Cr concentrations in -NiAl had decreased and Al concentrations
increased compared with the EK4-AC. After this heat treatment the Co and Cr contents in
the y-Nig had increased whereas the Al content decreased. In the Niss there were
precipitates exhibiting black contrast, see figure 4.12. These were free of Y and Hf and
were rich either in Al or in Cr, see Table 4.4. The Cr rich black contrast phase had Cr~21.7
at% and Al~15 at% and the Al rich black contrast phase had Cr~16 at% and Al~22.7 at%.
The composition of the former was similar to that of the y-Niss in the EK4-AC. There were

also brighter contrast phases; one of them had low Ta (1.4 at%) and Hf (1.9 at%) but high
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Y (11.9 at%) content which could be NisY or Nij7Y2 (see above) and the other had high Ta
(28.4 at%) and Hf (22.1 at%) and low Y (6.7 at%) content. The chemical analysis of the
latter phase was difficult owing to its size which would explain the high standard
deviations. Some of the areas of white contrast were found to have other phases present in

them (figure 4.12b).

bright contrast phase

A white contrast phase
black contrast phase Cr or Al rich

°

T
BSED [20.00 kV| 5.0 | 2000 x |{10.4 mm EK4-HT1

white contrast phase with
other phases present =
."-} ,

s —_—20ym —
6 000 x| 5.0 EK4-HT1
Figure 4.12 BSE images of the microstructure of the EK4-HT1, (a) x2000, (b) x6000.
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Figure 4.13 X-ray diffractogram of the EK4-HT1.

The second heat treatment (EK4-HT?2) was for another 24 hrs at 1200 °C, i.e., 48
hrs at 1200 °C in total. The typical microstructure of the EK4-HT?2 is shown in figure 4.14.
The microstructure had coarsened further compared with EK4-HT1 and consisted of y-Niss,
B-NiAl, fine precipitates decorating the y/P interfaces, white contrast featureless areas and
white contrast areas with other phases present in them, see figure 4.14 to 4.16. The latter
areas were observed in the y-Niss near its interface with B-NiAl. The XRD figure 4.16
confirmed the presence of y-Nis and B-NiAl and there were peaks that could attributed to
the Ni;7Y2 and NisY phases. The y' that was suggested by XRD was not observed. The
average composition of the EK4-HT2 was similar with the as cast alloy and with EK4-
HT1, see Table 4.4 After the second heat treatment the compositions of both the y-Nig and
B-NiAl were unchanged compared with the EK4-HT1. The fine precipitates decorating the
v/B interfaces were Y rich or Hf and Ta rich, see figure 4.15a, b and 4.16. The white
contrast featureless areas were Ta and Hf rich, see Table 4.4. The white contrast areas with
other phases present were Y rich and contained Ta and Hf, see figures 4.14d, 4.15e and
Table 4.4. The black contrast phases observed in the EK4-HT1 were not present in the
EK4-HT?2. The similarity of the composition of the black contrast Cr rich phase in EK4-
HT1 with the y-Niss in EK4-AC would suggest that the black contrast phase was formed
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from partitioning of solutes in the y-Niss during HT and that the latter was completed in
HT?2. However, partitioning of solute continued to play a role in the formation of the white

contrast phases, compare their compositions for HT1 and HT2, in Table 4.4.

mm EK4-HT2

mag O| WD 100 ym ——
800 x [10.6

Y =

°

white contrast area featureless

mode HV
Z Cont|20.00 kV

continued in the next page
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Figure 4.14 BSE images showing the microstructure of EK4-HT?2 (a) x800, (b) x2500, (c)
x800, (d) x10000.
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Figure 4.15 BSE images and EDS spectra of EK4-HT2 showing presence of (a) Y rich
particles, (b) Ta and Hf rich white contrast featureless areas, (c) f-NiAl, (d) y-Nis and e) Y

rich white contrast areas with other phases.
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Figure 4.16 X-ray diffractogram of EK4-HT2.
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Figure 4.17 BSE image of EK4-HT2 and line scans showing distributions (detected by
EDS) of Ni, Co, Cr, Al, Ta, Y and Hf.

116



4.2.3 Ni-19.3C0-19.1Cr-15.6Al1-1.1Ta-0.3Y-0.2Hf-3.5Si (alloy EKS)

The EKS alloy was designed in order to study the synergistic effects of Ta, Y, Hf
and Si in an MCrAlY BC designed to operate at high temperatures. As suggested by Gupta
and Duvall (1984), active elements such as yttrium and hafnium are expected to improve
the oxide scale adherence with the BC and elements such as silicon and tantalum are added
to improve hot corrosion resistance and protect the oxide scale from spallation and are also

expected to reduce the oxide scale growth.

4.2.3.1 As cast (EK5-AC)

The average composition of the as cast alloy (EK5-AC) is given in Table 4.5 and
shows that the ingot was slightly poorer in Co and Cr and slightly richer in Al and
significantly richer in Si content compared with the nominal composition. The as solidified
microstructure of this alloy can be seen in figure 4.18 and exhibited features seen in the
EK4 alloy in the as cast condition. There was some weak evidence of a second phase in the
solid solution see figure 4.18b. The microstructure consisted of the y-Niss, the B-NiAl
intermetallic, a white contrast area, see figures 4.18 to 4.21, and a grey contrast area that
was formed with the white one see figure 4.19, 4.20. According to the EDS data (Table
4.5) the Cr and Al contents in the y-Nig increased and decreased, respectively, and the Al
content decreased in the B-NiAl, compared with EK4-AC and in both phases the solid
solubility of Si was significant. Based on the EDS spectra taken from EKS5-AC (see figures
4.19 and 4.20) and the EDS data in Table 4.5, the grey contrast area was rich in Y and Si
and the white contrast area was rich in Ta, Hf and Si. The white contrast areas were
formed in the same areas as with the EK4 alloy; they were poorer in Al and Y and richer in

Ta and exhibited high solid solubility of Si.
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Table 4.5 EDS analysis (at%) data of the EKS alloy in the as cast and heat treated conditions.

Phase(s) Ni Co Cr Al Ta Y Hf Si
EKS-AC
large area 38.7+£0.9 17.9+0.2 17.5+0.5 16.7+0.5 0.8+0.9 0.4+0.2 0.5+0.2 7.4+£2.4
v (Niss) 37.1+0.4 21.8+0.1 23.3+0.5 10.9+0.6 1.1+0.5 0.2 0.1 5.3+£0.6
B (NiAl) 40.8+0.4 14.1£0.2 11.4+0.3 26.7+0.2 0.6+0.4 0.5 0.3 6+0.7
white 34.3+0.9 16+0.7 11.7£2.1 4.3+0.9 8.3+1.7 1.5+0.3 4.1+0.7 19.6£3.3

contrast area

grey contrast
40.5+0.8 14.8+0.5 14.1+1.2 8.1+2 1.9+0.2 6.4+0.3 1+0.1 13.2+0.7

area

EK5-HT1 (1200 °C / 24 hrs)

large area 38.9+0.6 17.5+0.3 17.240.3 16.6+0.2 0.4 0.2 0.5 8.6+1.3
¥ (Niss) 36.7+0.4 21.540.4 24.1+0.3 9.4+0.2 1.1+0.5 0 0.2 7+1
B (NiAD) 41.5+0.3 13.7+0.1 10.2+0.2 2245.7 0.3 0.2 0.5 7.7+0.9
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A white contrast

areas with other 41.7£1.9 14.1+1 12.1+£0.9 6.9+1.1 1.6%1.3 54+2.5 2.4+1 16.1+1.4
phases
grey contrast areas in
A 41.4+1.4 15.4+1.3 13.4+0.8 6.1+0.6 2.6+0.6 4.442.1 2.6+0.6 14.1+0.4
(Y and Si rich)
white contrast areas
in A 32.5+1 13.8+0.1 2.340.1 1.7£0.5 13.2+0.8 04 7.2+0.6 29429
(Ta, Hf and Si rich)
B white contrast
33.2+0.7 13.3+£0.2 2.1+£0.2 1.3+0.1 10.1+0.6 0.6+0.2 8.2+0.6 31.1+1.3
featureless areas
EK5-HT2 (1200 °C/ 48 hrs)
large area 39.9+0.5 17.8£0.4 17.5+£0.4 15.4+0.5 0.4+0.5 0.1 0.6 8.2+1
Y (Niss) 38.4+1 21.2+0.2 23.2+0.4 8.8+0.2 0.7+0.6 0 0.2 7.3£1.6
p (NiAD) 43.4+0.6 13.3+0.2 9.5+0.1 25.5+0.2 0.4 0.2 0.3 7.30.8
white contrast phase
(Ta, Hf and Si rich) 32.7+1.1 13.4+0.4 22404 1.5+£0.3 11.2+0.8 0.5 7.1£1.3 31.343
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Figure 4.18 BSE images of the microstructure of EKS alloy in the as-cast condition.
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(a) ¥-Nig

(b) i B-NiAl

6.80 7.60 ke'

(©) Hf and Si rich phase

Figure 4.19 BSE image and EDS spectra of the EK5-AC showing presence of (a) y-Niss,
(b) B-NiAl and (c) Hf and Si rich phase (grey contrast areas formed with white contrast

areas).

continued in the next page
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(a) Hf and Si rich white phase

Co

Hf

100 190 280 ERil] 460 5.50 6.40 730 620 910 ke

Ni, Hf, Si and Y rich phase

(b) Ni, Hf, Si and Y rich phase
Ni

] 190 280 370 460 5.50 6.40 730 620 910 ke

Figure 4.20 BSE image and EDS spectra of the EK5-AC showing presence of (a) Hf and
Si rich white phase and (b) Ni, Hf, Si and Y rich phase.
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CoKat CrKat

Figure 4.21 BSE image and qualitative elemental maps of Ni, Co, Cr, Al, Ta, Y, Hf and Si
taken from the EK5-AC.
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The XRD data (figure 4.22) confirmed the presence of y-Nigs and B-NiAl and
suggested the presence of y'-Ni3Al and NisY and Nii7Y». If the y'-NizAl was present, it
would have formed in the y-Niss. Thus, it is suggested that the second phase seen in y-Niss

(figure 4.18b) was the y'-NizAl.

2 m EKS5-AC
@he n T'Niss

A [-Nial
o '-NizAl
¥ NigirsAbias
O NiY:

® Nisy

m (111)
A (110)
® (111)

211)
g Q1o

(110) 11
(110) *
v (210) (211)

®
(oot) 200
. v ¢ ’) (222) (1'11) v A (200)

Figure 4.22 X-ray diffractogram of the EK5-AC alloy.

4.2.3.2 Heat treated (EK5-HT)

The first heat treatment (EK5-HT1) for the alloy was for 24 hrs at 1200 °C. The
average composition of the EK5-HT1 was similar with the one of the as cast alloy (Table
4.5). There was coarsening of the overall microstructure. The microstructure of EK5-HT1
is shown in figure 4.23a,b and consisted of y-Nis, B-NiAl, white contrast areas with
features or featureless, see figure 4.23c, which under high magnification and in particular
after observation in high resolution SEM were found to be white contrast areas with and
without internal microstructure, see figure 4.24. There were also cracks formed along the
Niss/NiAl interfaces in the as cast and heat treated (figures 4.23a, b) and through the white

contrast areas and in NiAl grains (figure 4.23 b). The white contrast areas with features or
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featureless were observed at the grain boundaries or junctions of y-Nig and -NiAl grains,

figures 4.23, 4.24.

The areas that exhibited white contrast under low magnification or when observed
under non-high resolution SEM, were found to be either featureless, or to consist of two
phases of white and grey contrast or three phases of white, grey and dark contrast, see
figure 4.25 a,b. The areas with two phases were either a mixture of white and grey contrast
phases (figure 4.27) or grey contrast phase surrounded by thin layer of white contrast
phase (figure 4.25b). In the white areas with three phases, the dark contrast phase was
NiAl, the grey phase was rich in Y and Si, see figures 4.25 and Table 4.5. Some white
contrast areas with three phases were formed inside a grey contrast phase, see figure 4.26.
In some cases the white contrast featureless areas were “massive” and facetted, see figure
4.27.

There was also evidence of fine precipitates exhibiting white contrast. These
precipitates were observed at interfaces, see figure 4.28 and/or inside NiAl grains, see
figures 4.28 and 4.29 with precipitates forming close to the grey phase and/or white phase
(see figures 4.28, 4.30 and 4.31) and sometimes forming in bands, see figure 4.32 (a, b).
Finally, there was evidence of second phase inside the Nig, which is suggested to be
NizAl, in accordance with the results for previous alloys (see figure 4.33).

Quantitative analysis of the phases present in EK5-HT1 was possible only under a
non-high resolution SEM, where some of the fine details exhibited in the white contrast
areas observed in the microstructure could not be resolved. The EDS analysis data is
shown in Table 4.5. Both the Nis and NiAl had become richer in Si and the average Al
content of the latter had decreased after this heat treatment. However, the standard
deviation for the Al analysis in NiAl was high; this was attributed to precipitation of fine
white contrast phase in it. The white and grey contrast areas in the white contrast areas as
indicated in Table 4.5, were found to be respectively rich in Ta, Hf and Si and in Si and Y.
The latter (rich in Si and Y) was also richer in Al and Cr compared with the former (rich in

Ta, Hf and Si1).
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Electron Image 1

70um CoKal 70um Crkal

Toum Talal

70um AlKal

Figure 4.23 (a), (b) BSE images and (c) X-ray maps showing the microstructure of EK5-

HT1 consisting of y-Niss, B-NiAl and white contrast areas with features or featureless.
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det HY ) 100 um
BSED |20.00 kV| 5 10.4 mm EK5-HT1

Figure 4.24 BSE image showing the microstructure of EK5-HT1 consisting of y-Niss, B-

NiAl and white contrast areas with and without internal microstructure.
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white contrast area featureless

det HV spot| mag O
BSED 120.00 kV| 5.0 | 2107
[

| B-NiAl (dark contrast phase in white contrast area with features)
Ni Ni

@

9.00 10.00 11.00 keV

4' Y and Si rich (grey contrast phase in white contrast area with features)
Ni -
(i)

Ni
Cr

2.10 3.10 4.10 5.10 6.10 7.10 8.10 9.10 10.10 kel

4‘ Ta, Hf and Si rich (white contrast phase in white contrast area with features)

N (iii)

Si
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) white contrast area featureless
mode [ HV [mag O[spot] WD
Z Cont|10.00 kV| 1000 x | 4.0 |10.4 mm EKS-HT1 (1200C / 24 hrs

Figure 4.25 BSE images showing the microstructure of EK5-HT1 consisting of y-Niss, -
NiAl and white contrast areas with and without internal microstructure (a) BSE image and
EDS spectra showing the dark contrast phase which is B-NiAl (i), the grey contrast phase
rich in Y and Si (ii) and the white contrast phase rich in Ta, Hf and Si (iii) and (b) grey

contrast phases surrounded by thin layer of white contrast phase.
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g

white contrast area with features

Figure 4.26 BSE image showing the microstructure of EK5-HT1 consisting of y-Niss, -
NiAl and white contrast areas with and without features. Some white contrast areas with

three phases are formed inside a grey contrast phase.
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white contrast area featureless
white contrast area with features

mode HV mag O |spot| WD [ —— ——
Z Cont/10.00 kV| 2564 x | 4.0 |110.4 mm EK5-HT1 (120

Figure 4.27 BSE image showing the microstructure of EK5-HT1 consisting of y-Niss, B-
NiAl and white contrast areas with and without features. Some white contrast featureless

areas were "massive" and facetted.

Figure 4.28 BSE image showing the microstructure of EK5-HT1 consisting of y-Niss, -
NiAl and white contrast areas with and without features. Evidence of fine precipitates

exhibit white contrast.
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fine precipitates

»

white contrast area with features

N Fa'giwlj Eﬁdf WD | —mm —130 pm
20.00kV|4000x| 5.0 |11.1 mm EKS-HT1

Figure 4.29 BSE image of EK5-HT1 showing fine bright contrast precipitates in $-NiAl.

white contrast area featureless

precipitate formation

Figure 4.30 BSE image showing the microstructure of EK5-HT1 consisting of y-Niss, -
NiAl and white contrast areas without features. Evidence of fine precipitates exhibiting

white contrast.
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precipitate formation

white contrast area featureless

lmode HVY mag spot WD [— 0 1111}
Z Cont 20.00 kV/2 200 x| 5.0 11.1 mm EK5-HT1

Figure 4.31 BSE image showing the microstructure of EK5-HT1 consisting of y-Niss, B-
NiAl and white contrast areas without features. Evidence of fine precipitates exhibiting

white contrast in the B-NiAl.

precipitate formation
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precipitate formation

mode | MV [mag O |spot] WD
Z Cont|20.00 kV|8000x | 5.0 |[11.1 mm EK5-HT1

Figure 4.32 BSE images showing the microstructure of EK5-HT1 consisting of y-Niss, B-

NiAl and evidence of fine precipitates exhibiting white contrast in the B-NiAl.

/ B-NiAl
L4
!
. ;
white contrast area with microstructure

Y-Nig+ y'-Ni;Al

< i~
precipitate formation 2 e b
white contrast area featureless

=

mode HV mag WD 10 ym ———
Z Cont|20.00 kV| 8 00 11.1 mm EKS5-HT1

Figure 4.33 BSE image showing the microstructure of EK5-HT1 consisting of y-Niss, -
NiAl, white contrast areas with and without features. Evidence of fine precipitates
exhibiting white contrast and evidence of second phase formation inside the y-Niss which is

suggested to be y'-NizAl.
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The presence of y-Nigs, B-NiAl and y'-NizAl in EKS5-HT1 was confirmed by the
XRD data (figure 4.34), which also suggested the presence of NisY, Ni17Y2, a-Cr. The non-
identified peaks in figure 4.34 are attributed to the other phases observed in the

microstructure.
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Figure 4.34 X-ray diffractogram of EK5-HT.

The second heat treatment (EK5-HT2) was for another 24 hrs at 1200 °C (48 hrs in
total). The average compositions of the EK5-HT?2 was slightly poorer in Al compared with
EKS5-AC and EK5-HT1, whereas Co and Cr concentrations did not change significantly.
At low magnification the microstructure of EK5-HT2 exhibited Nig, NiAl and white
contrast areas at their interfaces and/or grain boundaries (see figure 4.35). Upon study at
higher magnifications the white contrast areas were found to be featureless (see figure
4.36) and Ta, Hf and Si rich (see Table 4.5 and figures 4.37, 4.38 and 4.39) or to be
surrounded by and/or surround a black contrast phase (see figure 4.40). Some grey contrast
phases were also observed that were surrounded by a black contrast phase (see figure
4.41a) and these were observed on interfaces or grain boundaries and were often

surrounded by a white contrast phase, this feature was also observed in EKS5-HT1 (see
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figure 4.41b). There was also evidence of NizAl formation in the bulk of Niss (see figure
4.36 and figure 4.39). Precipitation of fine white contrast particles in B-NiAl, like the ones
observed in EK5-HT1 was also seen (see figure 4.42), but this was rather rare. The grey
contrast areas were Y rich (see figures 4.37, 4.38) and the black contrast phase was Al and
O rich (see figure 4.43), the latter suggesting internal oxidation during the prolonged heat
treatment. The above characteristic features of the black, grey and white contrast phases
can also be seen in the line scans in figures 4.44 and 4.45 and the X-ray maps in figure
4.46. The XRD data confirmed the presence of Niss, NiAl and NizAl and suggested the
presence of Nij7Y2 and a-Cr (see figure 4.47).

As was the case in EK5-HT1, quantitative analysis of the phases present in EKS-
HT?2 was possible only under a non-high resolution SEM, where the large white contrast
areas could be analysed. The EDS analysis data is shown in Table 4.5 and shows
essentially no change in the composition of the Niss and NiAl compared with EKS5-HT1.
However, in the NiAl the standard deviation for the Al content was small, which could be

attributed to the lack of fine precipitates in this phase in EKS5-HT2.

—————————— 200 um

EK5-HT2 (1200 C / 48 hrs

Figure 4.35 BSE image showing the microstructure of EK5-HT2 consisting of y-Niss, B-

NiAl and white contrast areas without features at their interfaces.
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The composition of the featureless white contrast areas had changed very little
between the two heat treatments, which would suggest that this is a stable phase. The Si
and Al content of these areas, which could be as high as ~36 at%, could suggest that they
correspond to Ta and Hf rich silicide. The formation of alumina at Nigs and NiAl interfaces
and/or grain boundaries points to internal oxidation upon prolonged heat treatment and
was not surprising given the cracking along the above features that was observed in EK5-

HTI.

y-Ni +y'-Ni;Al

white contrast area featureless

y-Ni +y'-Ni,Al

det | HV [spotfmag O] WD
BSED [20.00 kV| 4.0 | 3 737 x [10.5 mm

Figure 4.36 BSE image showing the microstructure of EK5-HT2 consisting of y-Niss, -

NiAl and white contrast featureless areas.
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Figure 4.37 BSE image and EDS spectra showing the microstructure of EKS5-HT2

consisting of y-Niss, B-NiAl, white contrast areas (Si rich) and grey contrast areas (Y rich).
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(a) white contrast area (Si rich)

white contrast area (Si rich)

o e

grey contrast area (Y rich)

(b) | grey contrast area (Y rich)

Figure 4.38 BSE image and EDS spectra showing the microstructure of EKS-HT2

consisting of white contrast areas (Si rich) and grey contrast areas (Y rich).
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Figure 4.39 BSE image and EDS spectra showing the microstructure of EKS-HT2
consisting of y-Niss+ y'-NizAl, B-NiAl and white contrast areas (Hf and Si rich).
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black contrast phase

det HV spot| mag O WD —50ym ————
BSED |20.00 kV| 4.0 [ 2 000 x |10.5 mm

Figure 4.40 BSE image showing the microstructure of EK5-HT2 consisting of y-Niss, B-
NiAl and black contrast phases.

black contrast phase

black contrast phase

det | HY | spot]| [ — — det | HV VSF-c-t mag O /D | ——— 40 um
BSED [20.00 kV | 4 X 3SED |20 V| 4.0 | 3000x |1

Figure 4.41 BSE images showing the microstructure of EK5-HT?2 consisting of y-Nigs and
B-NiAl and (a) grey contrast phase surrounded by black contrast phase and (b) grey

contrast phase surrounded by white contrast phase (towards the top left corner).
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white contrast phase

det H\
BSED [20.0

Figure 4.42 BSE image showing the microstructure of EK5-HT2 consisting of y-Niss, B-

NiAl and precipitation of fine white contrast particles in B-NiAl.
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Figure 4.43 BSE image and EDS spectrum showing black contrast phase Al and O rich in
the microstructure of EKS-HT2.
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Figure 4.44 BSE image showing the microstructure of EK5-HT2 and line scans showing
distributions (detected by EDS) of Ni, Co, Cr, Al, Ta, Y, Hf and Si. The line scan crosses a

white contrast phase which is rich in Si, Hf, Y and Ta.
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Figure 4.45 BSE image showing the microstructure of EK5-HT2 and line scans showing
distributions (detected by EDS) of Ni, Co, Cr, Al, Ta, Y, Hf and Si. The three white

contrast phases are rich in Si, Hf and one of them is also richin Y.
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Figure 4.46 BSE image and qualitative elemental maps of Ni, Co, Cr, Al, Ta, Y, Hf and Si
taken from EK5-HT?2.
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Figure 4.47 X-ray diffractogram of EK5-HT2.

4.3 Discussion

As far as the Ni-Al system is concerned, alloys with compositions around NizAl
show a rather complicated phase selection and growth morphology sequence. Four
different crystal structures are involved around that composition with the possibility of
single phase or eutectic growth and with subsequent solid state transitions. This makes the
explanation of the resulting final microstructure sometimes speculative [Assadi et al.,
1998]. The main phases observed in the cast and heat treated alloys EK2, EK3, EK4 and
EKS confirmed that the phase equilibria that was “established” by the synergy of Ni-Co-
Cr-Al in the alloy EK1, namely the stable y-Niss and 3-NiAl phases, was not altered by the
synergy of Ta with Y, Ta, Y and Hf and Ta, Y, Hf and Si. The latter synergies however
had an effect on the stability of y-NizAl (as far as the presence of this intermetallic could
be confirmed at the level of resolution of FEG-SEM in addition to the XRD data) and of
the v + B eutectic. In the alloys with Y, i.e., the alloys EK3, EK4 and EKS5, there was
evidence for the presence of Y containing intermetallics in their microstructures. The latter
were suggested to be the Nii7Y2 and NisY phases by the XRD data. The former has been
reported to form in Y containing BC MCrAlY type alloys [Naumenko et al., 2009].
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During solidification the formation of the y-Niss was accompanied by partitioning
of Al, Si and Ta to the melt, with the only exception being the alloy EKS where the Ta
partitioned to the y-Nig rather than the melt, see Table 4.6. Furthermore, the formation of
the B-NiAl was accompanied by partitioning of Co, Cr, Si and Ta to the melt and of Al to
the B-NiAl during solidification, with the data for Ta for the alloy EK3 suggesting
partitioning of Ta to the B-NiAl, see Table 4.7. Assadi et al calculated the relationship
between the S/L interface temperature and the solid and liquid compositions at the
interface for different growth velocities and predicted invertible partitioning of solute only
between the ordered B-NiAl and the liquid for normalised growth velocities V/V, greater
than 0.3 (where Vi, = Di/A with D; the interface diffusivity (= 6 10® m?s!) and A the jump
distance (=10°m)) [Assadi et al., 1995]. In contrast, for disordered solid solutions where
the partition coefficient never becomes larger than 1 if its equilibrium value is smaller than
1 (or vice versa). Thus their prediction is that under non equilibrium conditions
segregation should occur, i.e., at growth velocities greater than 18 ms™'. Such growth
velocities are considered unlikely during the solidification of the alloys of this study. The
change in the values of the partitioning coefficients kr."/¥ and kr.'’® from less than one to
greater than one respectively for the alloys EK5 and EK3 is thus either a real effect of

alloying or an error due to difficulties with EDS analysis of Ta (see below).

Table 4.6 Partition coefficient* ki/Y = C{¥/Ci" for solute elements (i) in the alloys EK1 to
EK5 where C¥ and Gi" are the concentration of element i in the y-Niss and Liquid

respectively (Ci* is the concentration of element i in large area analysis of alloy).

alloy ka7 ker WY Kco MY Kra 17 ksi LY
EK1 0.9 1 1.1 - -
EK2 0.8 1.2 1.1 0.9 -
EK3 0.8 1.1 1.1 0.9 -
EK4 0.8 1.2 1.1 0.9 -
EKS5S 0.6 1.3 1.2 1.4 0.7
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Table 4.7 Partition coefficient ki'“/® = Cif/Ci" for solute elements (i) in the alloys EK1 to

EKS5 where CiP and Ci* are the concentration of element i in the B-NiAl and Liquid

respectively (Ci- is the concentration of element i in large area analysis of alloy) (data

“rounded up” to first decimal point).

alloy kai'/B kcrl/B kol /B kra/B ksil/B
EK1 1.7 0.6 0.7 - -
EK2 1.5 0.7 0.8 0.8 -
EK3 1.6 0.6 0.7 1.01 -
EK4 1.5 0.6 0.8 0.8 -
EKS 1.6 0.7 0.8 0.8 0.8

In the solidified microstructures the partitioning of Al and Co between the y-Niss

and B-NiAl phases was not changed by the synergies of different alloying elements (sece

Table 4.8), the partitioning of Cr to the y-Niss was increased by the synergy of Ta and Y

and Ta, Y and Si (Table 4.8), Ta partitioned to the y-Nis but when it was in synergy with

Y in the alloy EK3 the latter element “pushed” the Ta to the B-NiAl.

Table 4.8 Partition coefficient kiP= C;¥/CiP for solute elements (i) in the cast alloys EK1 to

EKS5 where Ci¥ and Cif are the concentration of element i in the y-Niss and B-NiAl

respectively (data “rounded up” to first decimal point).

alloy kar"® kceYB KcoVB Kra¥B Ksi?P KyYB Kur"P
EK1 0.5 1.6 1.7 - - - -
EK2 0.5 1.7 1.4 1.1 - - -
EK3 0.5 1.8 1.6 0.9 - - -
EK4 0.5 1.9 1.4 1.2 - - -
EKS5S 0.4 2 1.6 1.8 0.9 0.4 0.3
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As the solutes partitioned between the two main phases, namely the y-Niss and -
NiAl, and the melt during solidification the Al + Cr contents of the aforementioned phases
were “established” and according to the data in Table 4.9 the addition only of Ta in the
alloys EK2 gave the highest Al + Cr contents in the y-Niss and B-NiAl. The higher Cr
content in y-Nig was in the alloy EK2 (high Cr/Al ratio compared with most of the other
alloys, Table 4.9) and the higher Cr content in the B-NiAl was also in the alloy EK2
(lowest Al/Cr ratio compared with the other alloys, Table 4.9). In other words, alloying

with Ta resulted to the highest Al + Cr and Cr contents in the two main phases.

Table 4.9 The A = Al + Cr content (at%) and B = Cr/Al and I" = Al/Cr ratio in the y-Nigs
and B-NiAl in the as cast (AC) and heat treated (HT) alloys EK1 to EK5.

AC HT1 HT2

alloy phase phase phase

Y- Niss B'NiAl Y- Niss B'NiAl 'YNiss B'NiAl

A B A r A B A r A B A r

EK1 | 362 | 13 | 41.1 24 ] 362 | 1.6]40.7 | 22| 358 | 1.5]393] 2.3

EK2 | 40.3 1.7 | 434 19 | 396 |24 )43.1 |28 | 39.6 | 2.1 | 428 | 2.8

EK3 | 35.1 1.2 | 415 | 29 | 345 | 1.6 405 |35| 345 | 1.4 ) 40.8 | 3.9

EK4 | 356 | 13 | 40.7 | 2.7 | 343 | 18403 |39 | 34 | 1.8]405]4.3

EKS | 342 | 2.1 38.1 23 ]334 126322122 32 |26 35 |28

The v + P eutectic was not observed in the alloys EK3 and EK5, which would
suggest that Y and Si suppress its formation. The Al + Cr content in the y + 3 eutectic was
essentially the same in the three alloys but the Al/Cr ratio increased dramatically when the
Ta was in synergy with Hf (Table 4.10). This can be understood by considering the
partitioning of solutes between the two main phases and the eutectic. The data in Table
4.10 shows that alloying with Ta, and Ta and Hf respectively decreased and increased the
partition coefficients of Al and Cr and that this effect was particularly stronger for the
partitioning of solutes between the B and the eutectic. Thus, the highest Al/Cr ratio for
EK4 was due to the partitioning of Al and the high Al + Cr content due to the partitioning
of Cr.
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Table 4.10 Partition coefficient k' = CJ/C;*® euteetic for solute elements (i) in phase j = B, v
and Cr+Al content and Al/Cr ratio for the y-f eutectic in the cast alloys EK1, EK2 and

EK4.

alloy Partition coefficient Cr + Al Al/Cr
Ka?=0.7 Ko =1.1 Kco! =1.3 -

EK1 : : : 40.2 1.1
KaP=14 Ko =07 Kcof =0.8 -
Ka¥=0.7 Ko =1.2 Keo¥=14 Kt =1

EK2 : : : : 41.6 1
kKaP=14 kKef =0.7 kcof =0.8 kP =0.9
Ka¥=0.6 Kot =1.6 Kcot=1.3 Kta¥=1.3

EK4 : : : : 394 2.2
KaP=1.1 KceP=0.9 KcoP=0.99 | kTP =1.1

A calculated primary phase selection map where only the growth competition of
the y-Nig, Y-NisAl and B-NiAl was considered show that there is an extremely narrow
regime of predominance of the y-Ni3Al [Assadi et al, 1998]. The presence of the 7-NizAl
in all the cast alloys was suggested by XRD but it was corroborated by high resolution
FEG-SEM only in two of the studied alloys. Indeed, the y-NizAl was “observed” in the
cast alloys EK3 and EKS5 (and also after their heat treatment) while in the alloy EK2
evidence for the Y-NizAl intermetallic was found only after the second heat treatment. The
above would suggest that the synergy of Ta and Y and of Ta, Y and Si enhanced the
stability of the y-NizAl.

Following the two heat treatments in the coarsened microstructures the y-Niss and
B-NiAl phases were stable. After the first heat treatment (HT1) the partition coefficient
k¥B= C¥/C# for each solute element (i) was remarkably stable, particularly for Al and Cr,
but with the exception of Ta in the alloy EKS, see Table 4.11. The same was the case for
the second heat treatment (HT2) for the alloys EK2 to EKS5 but the partition coefficients
for Al and Cr in EK1 were different from those in the other alloys (Table 4.12), which

would suggest that the microstructure of EK1 was less thermally stable.
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Table 4.11 Partition coefficient ki#= C;¥/CiP for solute elements (i) in the heat treated
(HT1) alloys EK1 to EK5 where C;¥ and Ci are the concentration of element i in the y-Nigs

and B-NiAl respectively.

alloy kai"P kcrYP KcotP Kta¥P KsiP KurP
EK1-HT1 0.43 2.35 1.83 - - -
EK2-HT1 0.36 2.44 1.69 1.15 - -
EK3-HT1 0.42 2.4 1.67 1.5 - -
EK4-HT1 0.38 2.7 1.74 1.3 - -
EK5-HT1 0.43 2.4 1.6 3.7 0.9 0.4

Table 4.12 Partition coefficient ki#= C;¥/CiP for solute elements (i) in the heat treated

(HT2) alloys EK1 to EK5 where C;¥ and Ci are the concentration of element i in the y-Nigs

and B-NiAl respectively.

alloy kai”B kciYP kcoYB KraYP KsiB Kur"®
EK1-HT2 0.52 1.79 1.28 - - -
EK2-HT2 0.4 2.39 1.63 1.21 - -
EK3-HT2 0.44 2.4 1.64 1.4 - -
EK4-HT2 0.37 2.8 1.8 1.4 - -
EK5-HT2 0.35 2.4 1.6 1.8 1 0.7

The partition coefficients ki"P= C¥/C# for each solute element (i) in each alloy in
the as cast and heat treated conditions are compared in Table 4.13. The data shows similar
trends for Al, Co, Cr and Ta in the alloys EK2, EK3 and EK4. The data would suggest that
kta"® < 1 for EK3-AC is incorrect, probably due to analysis errors. The same might be the
case for kr,"® = 3.7 for EK5-HT1 (EDS analysis of Ta in the presence of Hf and Si is

considered “tricky”).
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Table 4.13 Partition coefficient ki#= C;¥/CiP for solute elements (i) in the as cast and heat
treated (HT1, HT?2) alloys EK1 to EK5 where Ci¥ and C;? are the concentration of element

i in the y-Nis and B-NiAl respectively.

alloy karB kcrB kco?B kra?B KsivB Knf?P
EK1-AC 0.51 1.63 1.65 - - -
EK1-HT1 0.43 2.35 1.83 - - -
EK1-HT2 0.52 1.79 1.28 - - -
EK2-AC 0.53 1.68 1.41 1.1 - -
EK2-HT1 0.36 2.44 1.69 1.15 - -
EK2-HT2 0.4 2.39 1.63 1.21 - -
EK3-AC 0.5 1.82 1.56 0.85 - -
EK3-HT1 0.42 2.4 1.67 1.5 - -
EK3-HT2 0.44 2.4 1.64 1.4 - -
EK4-AC 0.52 1.85 1.43 1.2 - -
EK4-HT1 0.38 2.7 1.74 1.3 - -
EK4-HT2 0.37 2.8 1.8 1.4 - -
EK5-AC 0.41 2.04 1.55 1.8 0.88 0.33
EKS-HT1 0.43 2.4 1.6 3.7 0.9 0.4
EK5-HT2 0.35 2.4 1.6 1.8 1 0.7
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As the solutes partitioned between the two main phases, namely the y-Niss and -
NiAl, during the heat treatment, the Al + Cr contents of the aforementioned phases did not
change compared with the as cast alloys, the only exception being the alloy EKS where
there was decrease of the Al + Cr content (see Table 4.9). As was the case in the cast alloy,
the addition only of Ta in the alloys EK2 gave the highest Al + Cr contents in the y-Niss
and B-NiAl. The higher Cr content in y-Nig was in the alloy EK2 (high Cr/Al ratio
compared with most of the other alloys, Table 4) and the higher Cr content in the B-NiAl
was also in the alloy EK2 (lowest Al/Cr ratio compared with the alloys EK2 to EKS, Table
4.9). In other words, the alloying with Ta resulted to the highest Al + Cr and Cr contents in
the two main phases in the cast conditions and this was maintained after the two heat
treatments.

The alloying with Ta had a dramatic effect on the volume fractions of the two main
phases. In the as cast condition the vol% of the B-NiAl was higher than the vol% of the -
Niss in the alloys EK2 and EKS, suggesting that alloying with Y and Hf tends to favour the
v-Nigs rather than the B-NiAl. There were changes in the vol% of the aforementioned
phases after the heat treatment, with the vol% of the B-NiAl increasing in all alloys. The
higher vol% of B-NiAl was still observed in the alloys EK2 and EK5 (see Table 4.14).

Table 4.14 Volume fractions of the y-Nig and B-NiAl phases in the cast and heat treated
(HT2) alloys.

alloy As cast Heat treated

Y- Niss B-NiAl Y- Niss B-NiAl
EK1 74 26 67 33
EK2 43 57 38 62
EK3 68 32 52 44
EK4 68 30 68 32
EKS 48 52 35 65

In the alloy EK3 the NisY intermetallic was present in the microstructure according
to the XRD data. The other phases that were corroborated by XRD and EDS were the -
Nigs, B-NiAl and Y-NizAl. In the Ni-Al-Y system the B-NiAl and y-Ni3Al can be in
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equilibrium with the NisY. This is considered as further evidence for the stability of the
NisY in EK3.

In the alloy EK4 the XRD data suggested the presence of the NisY and Nij7Y2 in
the microstructure. In the Ni-Al-Y system the above intermetallics can be in equilibrium
with the y-Nig and the B-NiAl and y'-NizAl can be in equilibrium with the NisY. The v-
NizAl was not observed in this alloy. It is thus most likely that the Nij7Y> is stable in EK4.

In the alloy EK5 the XRD data pointed to the presence of NisY and Nij7Y2 in the
microstructure. Considering the aforementioned phase equilibria in the Ni-Al-Y system
and the presence of the y-Nig, B-NiAl and y-Ni3Al in the microstructure, it is suggested
that both the NisY and Ni;7Y> intermetallics can form in EK5 (see below).

The above discussion has confirmed the positive effects of alloying with Ta on the
Cr and Al contents of the two main phases in the alloys of this study. Alloying with Ta
however caused chemical inhomogeneity in the microstructure and Ta in synergy with the
other key elements like Hf, Si and Y that are added to BC alloys to improve the
performance of the TGO (see section 4.1) enhanced the stability of other intermetallic
phases in the microstructure after exposure to high temperature. In the previous chapter
the effect of the Ta addition in the microstructure of EK2 was discussed. In this alloy
(EK2) there was evidence of Ta segregation in the y-Nigs consistent with the partitioning of
Ta to this phase (kra"® = 1.1, see Table 4.8). Ta rich areas in the y-Nigs (and thus chemical
inhomogeneity in the y-Nis) were still observed after the first heat treatment of EK2 but
not after the second one, consistent with the low diffusivity of Ta owing to its high melting
point. The addition of Y in the alloy EK3 led to the segregation of Y in the y-Niss and the
formation of a Y containing intermetallic in the solidified microstructure (the standard
deviation of the analysis of this phase was large, this phase could be either NizY or NisY,
the latter was suggested by the XRD, see discussion above) and did not affect the solid
solubility of Ta in V-Niss. According to the EDS data (Table 4.3), the partitioning
behaviour of Ta changed (kr.”® = 0.9, see Table 4.8). The latter value for the partition
coefficient of Ta is not considered reliable (see above). The Y rich areas persisted in the y-
Niss in the heat treated microstructures where NisY and NiY3 intermetallics were formed
(see above) at ¥/ interfaces.

The addition of Ta, Hf and Y in the alloy EK4 increased the chemical
inhomogeneity of its microstructure. Hafnium, Ta and Y rich areas were observed in the y-

Niss consistent with the partitioning of Ta in this phase (as was the case in EK2) and with
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the areas of chemical inhomogeneity observed in EK2 and EK3. Following heat treatment
there was precipitation of second phases in the aforementioned areas (fig. 4.12, 4.14, 4.15),
which would point to the existence of a supersaturated solid solution and new phases that
were either rich in Y or in Ta and Hf were formed in the microstructure (Table 4.4 and figs
4.12 to 4.16) in the areas where chemical inhomogeneity existed in the cast alloy.

In the alloy EKS the addition of Si enhanced chemical inhomogeneities in the
microstructure (figs. 4.19 to 4.21) and there was formation of Si and Y rich areas in the
solidified microstructure where Ta and Hf had also partitioned (fig. 4.21). After heat
treatment the formation of intermetallic phases in those areas (fig. 4.24 to 4.26) was
accompanied by severe micro-cracking in the microstructure (fig. 4.23) and internal
oxidation (fig. 4.37). Fine precipitates were formed in the microstructure figs 4.28 to 4.32,
which according to Naumenko et al (2009) were a-Cr. The presence of this phase was also
suggested by the XRD data. The Si rich phase formed after heat treatment could be based
on Niz2Si with Si + Al ~ 33 at% and could be either the 8-Ni2Si (Si=33.3 at%) or 6-NiSi
(Si=33.3 to 41 at%) [Chandrasekaran et al., 2006]. The XRD suggested evidence for the
existence of these intermetallics in the microstructures of EK5-HT1 and EKS5-HT2. In the
preceding discussion it was suggested that both the NisY and Nii7Y2 intermetallics can
form in EKS. It should be noted that NizAl and Ni3Si are isostructural (complete solid
solubility between them) [Chandrasekaran et al., 2006] and that in the Ni-Si-Y system
[ASM, database] there is equilibrium between Ni, Ni3Si and Nii7Y2, which would provide
further support for the stability of Nii7Y2 in EKS, and that in the Ni-Si-Al system
[Chandrasekaran et al., 2006] there is equilibrium between NiAl, Ni3Al and 0-Ni»Si, which

would suggest that the 8- Ni»Si phase could form in the alloy EKS.

4.4 Conclusions

In this chapter three MCrAl based alloys of nominal compositions (Ni-20.1Co-
19.8Cr-16.2A1-1.1Ta-0.3Y (alloy EK3), Ni-20.1Co-19.7Cr-16.2Al1-1.1Ta-0.3Y-0.2Hf
(alloy EK4) and Ni-19.3Co-19.1Cr-15.6Al1-1.1Ta-0.3Y-0.2Hf-3.5S1 (alloy EKS) were
studied in the as cast and heat treated conditions in order to understand the effect of the
alloying additions like of Ta, Y, Hf and Si and the synergistic effects of them in the
microstructure and phase stability. The microstructure of these three alloys contained the

v-Niss and B-NiAl in as cast and heat treated conditions and was confirmed both by EDS
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and XRD results. The y-NizAl probably had formed in the all of the three alloys in as cast
and heat treated conditions as suggested by the XRD data but its stability was affected by
the synergy of Ta, Y, Hf and Si either by destabilizing it or by enhancing it as in EK3-AC,
EK3-HT2, EK5-HT1 and EK5-HT2. Therefore, FEG-SEM evidence of its formation was
found only in EK3-AC (see fig. 4.1a), EK3-HT?2 (see fig. 4.6a, b, c), EK5-HTT1 (see figs
4.31, 4.32a. 4.33) and EK5-HT2 (see fig. 4.36) via precipitation in the y-Nig. Eutectic
between B+y was confirmed only in the EK4-AC which got destabilised after the heat
treatments.

Synergistic effects of Ta, Y, Hf and Si did not affect the stable y-Niss and B-NiAl
phases. However, alloying additions had highly affected the stability of Y-NizAl and of the
Y + B eutectic. They have also enhanced the formation of intermetallics rich in Y and Si
such as Ni3Y, NisY, Ni;7Y2 Ni3Si and 0- Ni2Si and/or 8-Ni2Si.

Tantalum had positive effects on Cr and Al in the y-Nig and B-NiAl and promoted
chemical homogeneity in the microstructures. Ta with Y, Hf and Si enhanced the stability
of intermetallics in the BC alloys therefore they are expected to improve the performance
of the oxide scale. Ta segregated and partitioned in y-Nig creating Ta rich areas after HT'1
of EK2. Alloying with Ta affected volume fractions of both y-Niss and B-NiAl in EK2 and
EKS5 alloys by favouring the B-NiAl formation.

Alloying with Y led to its segregation in y-Niss and formation of Y containing
intermetallics such as Ni3Y, NisY and Nii7Y> without affecting solid solubility of Ta in the
solid solution. Yttrium rich areas were formed at the y/p interfaces after the heat
treatments.

Hafnium addition in synergy with Y favoured y-Niss formation rather than B-NiAl,
with the vol% of the -NiAl being significantly decreased in EK4 alloy. However, Y with
Ta and Hf increased chemical homogeneity of the microstructure in y-Nig with Ta
partitioning similarly with EK2 alloy.

Silicon addition created more complex microstructures, chemically inhomogeneous
with Si and Y rich areas where Ta and Hf had also partitioned. The microstructures
contained the y-Nig and B-NiAl phases and also fine a-Cr precipitates as well as other
intermetallics after the heat treatment with micro cracking and internal oxidation. In EK5

alloy, B-NiAl formation was favoured with increased vol% compared to the y-Nigs.
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Chapter 5 — Oxidation

5.1 Introduction

Commercial thermal barrier coating systems (TBCs), typically consist of a metallic
bond coat (BC) applied on a Ni based superalloy (substrate) and a ceramic top coat, like
yttria-stabilized zirconia (YSZ) that is applied by plasma spraying (PS) or electron beam-
physical vapour deposition (EB-PVD). The bond coat needs to be resistant to oxidation
because the YSZ cannot stop the transport of oxygen and thus cannot protect the substrate
from oxidation.

The oxidation of Ni base superalloys and coatings have been studied in the
temperature range 600 to 1300 °C and in different oxidizing atmospheres such as air, Oa,
CO,-CO and H>O-H> [Brumm et al., 1994]. The oxidation of bond coats is one of the
common failure mechanisms in commercial TBCs and a barrier for improving the coating
lifetime. The BC alloys that were studied in this work were designed in order to form in
situ a protective a-Al,Os3 scale during operation at 975 °C.

Several factors were considered before designing the bond coats, including
operating temperatures, operating environments such as H» rich Syngas and CMAS attack,
microstructural stability of the bond coats, melting points of alloying elements and
compositions of both bond coat and substrate among many others. Our primary concern
though was to evaluate the oxidation of the new BC alloys through isothermal oxidation,
the adhesion of the 0-AlOs scale to the metal substrate and their spallation and the
outward loss of solutes due to oxide formation.

This chapter attempts to discover and isolate issues related to oxidation of the bond
coats. In this study five alloys were produced and tested in their as cast condition under
isothermal oxidation in air at 975 °C for 100 hrs. The aim was all these alloys to form an
alumina scale that will resist cracking and spallation and produce acceptable oxide scale
growth rates. The first bond coat alloy was the alloy EK1 (Ni-20.4Co-21Cr-16.4Al at%)
and the four other alloys had one extra alloying addition each time as alloying is an
effective way to improve oxidation behaviour of MCrAlY based materials. The alloying

additions were the elements Ta, Y, Hf and Si. The design/selection criteria for the alloys
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EK1 to EKS were discussed in chapter 2. The role of the alloying additions on oxidation

resistance was studied using XRD and SEM with EDS and WDS, see chapter 2.

5.2 Results

5.2.1 Thermo-gravimetric analysis at 975 °C

Cubes of 3x3x3 mm® were cut from the bulk of the as cast alloys for the TGA
studies. The dimensions of each sample were measured using a micrometre and the
Measure Axio Vision software and the surface area was calculated, see chapter 2. Particles
on the surface of a sample due to metallographic preparation, such as silicon carbide might
affect oxidation locally. Therefore, the specimens that were prepared using grinding and
polishing were ultrasonically cleaned in alcoholic bath (see chapter 2). The samples were
weighted using an accurate scale to measure the weight change after the thermo-
gravimetric analysis. After each oxidation experiment, the recorded data for weight change
during the isothermal period was plotted as weight change per unit surface area as a
function of time to determine the oxidation kinetics, see figure 5.1. The total weight
change of the alloys EK1, EK2, EK3, EK4 and EKS5 is summarized in Table 5.1 together
with the parabolic rate constants (k,) of each alloy. The rate constants were calculated
using equation 5.1 [Schiitze, 2000]. In Table 5.1 also are given the n values for the

oxidation reaction kinetics from equation 5.2 [Khanna, 2000, Menon et al, 2001].
(AW/A)? = kot (5.1)
Aw/A=kt" and In(Aw) = Ink+ nlnt 5.2)

where Aw is the weight change of the specimen, A is the surface area of the specimen, k) is
the parabolic rate constant, ¢ is the exposure time and the value of 7 is obtained as the slope
in log-log plot. Formation of thick oxide layer or spallation of oxide scale was not
observed in any of the alloys. The TG samples before and after isothermal oxidation are

shown in figure 5.2.
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Table 5.1 Weight gains, oxidation rate constants, n and R? values of the alloys after

isothermal oxidation at 975 °C for 100 hrs.

Weight gain kp . "
Alloy code n R?
(g/cm?) (g%/em* * sec!)

EK1 0.00097 (100 h) 2.6 %1012 0.5 0.94
EK2 0.00067 (100 h) 1.2 #1012 0.6 0.92
EK3 0.00036 (100 h) 3.6 %1073 0.46 0.92
EK4 0.00047 (100 h) 6.1 %101 0.46 0.95
EKS 0.00041 (100 h) 4.6 %1071 0.44 0.9

* 1 value close to 0.5 means that the oxidation follows a parabolic law. When n>0.5 or n<0.5 it

means that the oxidation is faster or slower than parabolic oxidation kinetics [Menon et al, 2001,
Perkins et al, 1989, Perkins et al, 1987].

ek

R?is the fitting parameter, the closer the R? value is to 1, the better the fitting
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Figure 5.1 TG curves at 975 °C for the alloys EK1, EK2 (Ta addition), EK3 (Ta and Y
additions), EK4 (Ta, Y and Hf additions), EKS (Ta, Y, Hf and Si additions). The alloy

nominal concentrations are given in at%. All alloys were tested in the as cast condition.

5.2.2 Structure of oxide scales and microstructure of oxidised alloys

The structure of oxide scales was characterized under SEI microscopy and the results
showed that the EK1-TGA samples had a uniform oxide cover with islands covering the
surface, the EK2-TGA had also a continuous oxide scale, the EK3-TGA showed more
uniform coverage than the EK1-TGA sample, the EK4-TGA was uniform and with large
oxide growths and finally the EK5-TGA had uniform oxide scale coverage. None of the
samples showed evidence of spallation and in the EK1-TGA sample cracks of the alloy

below the oxide scale where visible.
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5.2.2.1 Ni-20.4Co0-21Cr-16.4Al (alloy EK1)

5.2.2.1.1 Microscopy and glancing angle XRD

After oxidation for 100 hrs at 975 °C no spallation of oxide scale was observed.
The surfaces of the oxidised sample were uniformly covered and had Al,O3 islands (figs
5.3 and 5.4). The edges of the oxidised sample were well defined (fig. 5.3). There were
cracks on the oxide scale (fig. 5.5). Figures 5.4 and 5.5 show patches of Al>O3 of different
sizes and/or morphologies. The blade-like morphology shown in figure 5.4 has also been
reported by Rybicki and Smiakek (1989) and attributed to metastable 0-Al,Os. The EDS

data in fig 5.5 cannot confirm the presence of Cr203 in the scale.

‘:
HY mag O |spot| WD — 500 ym — @ @
20.00 kV| 300x | 3.0 |10.3 mm EK1-AC 975C TGA

Figure 5.2 SEI image showing Al>Os islands on the surface and that the edges of the alloy
EK1 were well defined after oxidation at 975 °C.
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20.00 kV[1200x | 3.0 [10.4 mm EK1-AC 975C TGA

Figure 5.3 SEI image showing the metal being cracked beneath the Al,Os islands that lay
on the surface and that the edges of the alloy EK1 were well defined after oxidation at 975
°C.

ALO,

o
Ni - ‘ ‘ Cr l Co Ni
040 17 250 330 410 490 5.70 650 730 kel

Figure 5.4 SEI image showing Al>O3 islands and EDS spectra from Al.O3 formed on the
alloy EK1 after oxidation at 975 °C for 100 hrs.
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Brumm and Grabke (1992) also reported that small fractions of Cr,O3 were formed

with Al2O3in alloys containing 7-34 at% Cer, after oxidation at temperatures over 1273 K.

ALO,

substrate

HV mag O |sf
20.00kV| 400x | 3

substrate

Ni

Figure 5.5 SEI image showing AlO3 patches and surface cracks and EDS spectra from
EK1 after oxidation at 975 °C for 100 hrs in air.

The glancing-angle XRD data of the alloy EK1 before and after oxidation is shown
in Figures 5.6 and 5.7. X-ray peaks for the y-Nis, 7-NizAl and B-NiAl phases were
observed in both glancing angles. Figures 5.7 shows peaks that corresponded only to -
AL O3, 0-Al203 and a-Al,O3 whereas the peaks for Cr2O3 coincided with other phases. The
data also would suggest the presence of nitride phases, AIN and CroN with one peak
corresponding only to AIN in the y=5" diffractogram (fig 5.7 b).
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Figure 5.6 Glancing angle XRD data for the alloy EK1 before oxidation (a) y=2.5" and (b)
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Figure 5.7 Glancing angle XRD data for the oxide scale formed on the alloy EK1
after oxidation for 100 hrs at 975 °C in air (a) y= 2.5 and (b) y=5".
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5.2.2.1.2 Microstructure of oxidised alloy

The microstructure of the oxidised alloy below the scale is shown in figure
5.8. A representative BSE image of the cross-section and the corresponding
elemental distributions obtained by WDS as a function of distance from the oxide
scale is shown in Fig. 5.11. The oxide scale is rich in O and Al, while the diffusion
zone is characterised by its enrichment in Ni, Co and Cr. Below the internal
oxidation zone the O and N and Al levels drop significantly and as the line scan
goes through the bulk it crosses y-Nig that has high Ni, Co and Cr concentrations.
The O level is low in the bulk and doesn’t change below the scale whereas the N
concentration seems to be the same in the y-Niss and B-NiAl in the bulk.

Qualitative EDS data for different parts in the cross section is shown in
figures 5.9 and 5.10. The cross section microstructure exhibits four regions see fig.
5.8. Starting from the surface and going towards the bulk, there is an alumina oxide
layer, see Table 5.2. A few features exhibiting dark contrast, which were rich in N
(37.3 at %) and Al (43.3 at%) appeared, under the oxide scale suggesting internal
oxidation and formation of aluminium nitride. Below the area of internal oxidation
a diffusion zone occurred with high concentration in Ni (39 at %), Co (20.9 at %)
and Cr (22.3 at %). Underneath this zone the typical bulk microstructure consisted
of y-Nigs and B-NiAl with the y-Niss being rich in Ni (37.5 at %), Co (22.3 at %)
and Cr (23.8 at %) and the B-NiAl rich in Ni (46.1 at %) and Al (32.6 at %). The
data for the y and P phases in the as cast and oxidised alloy confirmed that as the
EK1 alloy oxidised the B-NiAl became richer in Al and lost its Cr, whereas the -
Nigs became richer in Cr and lost Al that was consumed for Al.O3 formation (see

section 5.3).
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oxide scale

internal oxidation diffusion zone
B-NiAl

mode HV O | spot —— 50 um
Z Cont[20.00 kV 3.0 110.4 mm

Figure 5.8 BSE image of the cross section of the oxidised specimen of alloy EK1

showing the microstructure below the scale.

(@ w & i B-NiAl

Figure 5.9 BSE image and EDS spectra taken form the bulk of the oxidised alloy
showing presence of the y-Nig and B-NiAl phases.
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Figure 5.10 BSE images and EDS spectra of the oxide scale suggesting the
presence of Al,0O3; and Cr20s.
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Table 5.2 WDS analysis data (at %) of different parts of the cross section of the alloy EK1
after oxidation at 975 °C for 100 hrs.

Area N (0] Ni Co Cr Al
oxide scale 0 51.4+9.7 | 1.5+1.1 1+£0.9 4.1+2.3 | 42.7£7.8
internal oxidation | 37.3£1.2 | 0.7£0.04 | 8.3+0.4 | 4.7+0.1 5.5£0.1 | 43.4+0.4
diffusion zone 7.4+1.3 0.6+0.1 39+1 20.9+£0.1 | 22.3£0.1 | 9.7x04
B-NiAl 6.8+1.3 0.7£0.3 | 46.1+0.7 | 8.6x0.3 5+0.08 | 32.6+0.5
v-Niss 6.5£0.9 | 0.7+0.7 | 37.5£0.3 | 22.3+0.1 | 23.8+0.3 9+0.1
80 -
g 701 10 DZ
8 60 -
< 50+ \
S 40
8 30
= 20 4 ~——
S I\ o~ ‘
1090 5 10 15 20 25 30 35 40
line scan distance (um)
Nitrogen —— Oxygen —— Nickel Cobalt =—— Chromium Aluminium ‘

Figure 5.11 BSE image of cross section showing the distributions (by WDS data) of Ni,
Co, Cr and Al as a function of distance from the surface. IO and DZ define the end of the

internal oxidation and diffusion zone.
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Figure 5.12 BSE image of cross section of the oxidised EK1 alloy with qualitative
elemental maps of N, O, Ni, Co, Cr and Al.
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X-ray maps of the cross section microstructure can be seen in Fig. 5.12 and 5.13.
Both maps are from the same area, the former in qualitative and the latter quantitative.
These figures show the surface to be rich in N, O and Al and support the XRD results for
AlOs3 and AIN formation. Thickness of the former varies along the surface and in some
parts of the scale Co and Cr rich areas are seen, suggesting that Cr rich oxide formed
beneath the Al,Os. In the bulk the morphology of the B-NiAl is clear and in agreement
with fig. 5.11.

BSE

[ oy
_— -
Z0pm O K_SERIES \ 40pum Ni K_SERIES

40um Co K_SERIES 40pm CrK_SERIES

T 100
40pm Al K_SERIES

Figure 5.13 BSE image of a cross section of the oxidised EK1 alloy with quantitative
elemental maps of N, O, Ni, Co, Cr and Al.
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5.2.2.2 Ni-20.1C0-19.8Cr-16.2A1-1.1Ta (alloy EK2)

5.2.2.2.1 Microstructure and glancing angle XRD

The alloy EK2 had a more continuous oxide scale than the alloy EK1. The edges

were well defined, see fig. 5.14. Figure 5.15 shows that were cracks and holes/voids in the

scale. The latter were not observed in the oxidised alloy EK1.

.

%
mode HV mag
SE [20.00 kV| 800 x

Figure 5.14 SEI image showing the edge of the alloy EK?2 after oxidation at 975 °C for 100

hrs.

mag [ |sp
00 kV/| 800 x

mode
SE

Figure 5.15 SEI image showing cracks and pores in the surface of the oxidised alloy EK2.

The oxide scale exhibited a sponge like appearance.

WD
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Figure 5.16 SEI images and EDS spectra showing (a) Al2Os islands on the surface

where some parts of the scale were rich in Ta (b) and (c) glassy like areas.
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Figure 5.17 SEI image showing blade like whisker Al2O3 formation and bright Ta rich
areas.

The majority of the oxide scale appeared like a sponge, (see figure 5.15) and there
were large oxide patches covering parts of the surface of EK2, figure 5.16. The Al,O3
oxide patches had both fine and coarse structure. The oxide patches were larger in size
compared with those formed on EK1. Another type of Al,O3; formed on the surface of the
EK2 alloy looked more like blades and whiskers, as reported by Brumm and Grabke
(1992), see figure 5.17 who attributed the different morphologies of Al,O3 formation to the
transient aluminas forming in the scale. Tantalum was incorporated in the alumina scale
and the Ta rich areas exhibited bright contrast, see figures 5.16 and 5.17.

The glancing-angle XRD data of the alloy EK2 before and after oxidation are
shown in figures 5.18 and 5.19. In both figures X-ray peaks for the y-Niss, y'-Ni3zAl and (-
NiAl phases were observed. In fig. 5.19a as there are peaks that correspond only to -
AL O3, 6-Al,03 and a-Al>Os, while peaks for Cr203 coincided with those of other phases.
In fig. 5.23 (b) there are peaks that correspond only to 6-Al>O3 and a-Al,O3 and the peaks
for y-Al>O3 coincide with those for 6 and a. Peaks for CroO3 coincided with those for other
phases but there was a single peak of Cr.O3 at 20~53°. The metastable y-Al,O3 had the

smallest number of peaks in the diffractograms, as was the case in the EKI1 alloy.
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Furthermore, some of the peaks could also correspond to AIN and CroN with one peak

corresponding only to the former for y=2.5°.
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Figure 5.18 Glancing angle XRD data for the alloy EK2 before oxidation (a) y= 2.5° and
(b) y=5".
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Figure 5.19 Glancing angle XRD data for the oxide scale formed on the alloy EK2 after
oxidation for 100 hrs at 975 °C in air (a) y=2.5" and (b) y=5".
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5.2.2.2.2 Microstructure of oxidised alloy

The microstructure of the oxidised alloy before the scale is shown in figure 5.20

and the WDS analysis results are summarised in Table 5.7.

l oxide scale

> diffusion zone

. ?ﬂ‘ *_/.Jr ™ ) v ;-Thj B e T, . k ks ~ - :
i white features .
internal oxidation

y-Ni_+7'-Ni Al
£ .o A 3 | q
mode HV mag O WD [spot e 1 V111 R—
Z Cont|20.00 kV| 5000 x |10.7 mm| 3.0

)

Figure 5.20 BSE image showing the microstructure of a cross section of the oxidised EK2
alloy.

After oxidation at 975 °C for 100 hrs the cross section of the EK2 alloy exhibited
three different areas from the surface to the bulk. There was an oxide layer rich in O (43 at
%) and Al (42.6 at %) and richer in Cr (13.2 at %) compared with the same layer in EK1,
where the Cr content was 4.1 at %. WDS analysis of different areas in the oxide scale
identified areas rich in O (36.4 at %) and Cr content (57.9 at %) with 4.4 at% Al. This data
support Al2O3 and Cr20; formation (see fig. 5.21), as suggested by XRD (see fig. 5.19b)
and EDS (figure 5.22). Beneath the oxide scale the evidence for internal oxidation was
much stronger than in EK1 alloy. The internal oxidation features were coarser compared
with EK1, with lower N content (12.5 at % compared with 37.3 at % in EK1) higher Cr
content (12.7 at % compared with 5.5 at % in EK1) and slightly higher Al content (53.5 at

% instead of 43.3 at %). A diffusion zone was also formed as was the case in EK1, but in
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the EK2 there were some white features in this zone. In the lower part of the diffusion
zone the N content was slightly lower than in EK1 (5.3 at % compared with 7.4 at %), the
Ni content was 34 at % was lower than that in EK1 (39 at %), the Co content had slightly
increased (24.8 at % compared with 20.9 at %) and finally the Cr content was 33.4 at %.
WDS analysis of the white features in the upper part of the diffusion zone, showed that
they were slightly richer in Ni (40.7 at %) than the overall diffusion zone, poorer in Co and

Cr content (21.5 at % and 25.6 at % respectively) and with 5 at % Al and 1.1 at % of Ta.

Al O, oxide scale
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Figure 5.21 BSE image and EDS spectra showing Al2O3 and Cr203 oxides in the scale of
EK2.
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Figure 5.22 SE image and EDS spectra taken near the oxide scale suggesting the presence
of y-Nig in between the black contrast Al,O3 areas and the grey features that were rich in
Ni, Al and Ta.

The presence of y-Nigs, y'-NizAl and B-NiAl that was suggested by the XRD data
(fig. 5.19) was confirmed by the WDS analysis, see Table 5.7. In the oxidised EK?2 alloy,
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precipitation of y'-NizAl in y-Nig was seen as fine white precipitates of sub-micron size
(see fig. 5.23). This was not observed in the oxidised EK1 alloy. The composition of y-Niss
+ 7'-NizAl was similar to that of the y-Nis in EK1. The B-NiAl intermetallic was coarser in
the bulk of EK2 compared with the EK1 alloy, and was poorer in Ni (42.3 at % and 46.1 at
% respectively) and Al (31 at % and 32.6 at % respectively) and richer in Co and Cr. In the
bulk of some of the NiAl intermetallics some bright precipitates had formed (fig. 5.23)
which were richer in N (11.2 at %) and lower in Cr (7.4 at %) and Al (21.5 at %) contents
than the plain B-NiAl, see Table 5.7. Further quantitative analysis of the bulk of the
oxidised alloy EK2 revealed formation of two new phases, namely the o-phase and a
bright phase, see figs 5.23 and 5.24. The o-phase was rich in Ni and Co (13.3 at % and
25.3 at %, respectively) and very rich in Cr (57.4 at %), see Table 5.7.

J ™

V4

{

bright phase \

Figure 5.23 BSE images taken of the bulk microstructure of the oxidised EK?2 alloy.
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Figure 5.24 BSE image and EDS spectra of the bulk microstructure showing a Cr
rich phase with grey contrast and a Ni, Al and Ta rich phase exhibiting slightly

lighter grey contrast.
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Table 5.7 WDS analysis data (at %) of different parts of the cross section of the EK?2 alloy after oxidation at 975 °C for 100 hrs.

Area N (0] Ni Co Cr Al Ta
oxide scale (Al203) 0 43.8+4.8 1.50.7 1.4+0.5 13.243 42.6+2.9 0.6+0.3
oxide scale (Cr203) 0 36.4+9.4 3.2+1.9 2.9+1.8 57.9+2.7 4.445.2 0.4+0.2
internal oxidation 12.5+5 0.7£0.7 11.3+2.9 9+1.7 12.7£2.3 53.5+4.8 0.3+0.1

diffusion zone 5.3%£1.5 0.8+0.6 34+1.4 24.8+0.6 33.4+0.6 0.7+0.1 0.7+0.1
white features in upper bulk
5.1+0.8 0.8+0.3 40.7£0.5 21.5+0.9 25.6+£0.9 5+0.3 1.1£0.1
of diffusion zone
grey features in upper bulk
6.3+£1.2 0.8+0.2 49.9+5 11+1.2 7.3%1.1 22.3+8 2.242.1
of diffusion zone
B-NiAl 6.1+1.7 0.7£0.5 42.3+2.1 10.2+0.7 9.2+43.3 311 0.3+0.06
vYNiss+y'NizAl 6.3+0.8 0.5+0.6 35.7+1.8 22.8+0.9 24.6+1.5 8.5+0.5 1.7£0.5
c-phase 1.1+£0.8 0.8+0.3 13.3£2.2 25.3+0.4 57.4+1.9 1.4+0.2 0.620.1
bright phase in -NiAl 11.2 0.2 43.8 12.6 7.4 21.5 3.2
bright phase (fig. 5.27) 7.2 0.9 314 16.1 24.9 16.6 2.9
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The distribution of elements as a function of distance along a line from the surface in
a cross section of EK2 alloy that was obtained by WDS is shown in fig. 5.25. The surface
was very rich in Cr and around 5 pm below the surface, where there was internal oxidation
there was a high Al content and the Ni, Co and Cr contents were decreased. The N and O
contents did not change along the line scan and the O content was below 1.5 at%. As the line
scan moved in the bulk it met the Ni solid solution and the Ni, Co and Cr contents increased
and then at around 21, 23 and 28 pm below the surface the scan crossed NiAl intermetallics

and the Ni and Al contents increased.
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Figure 5.25 BSE image of cross section showing distributions (detected by WDS) of Ni, Co,

Cr, Al and Ta as a function of distance from the surface.
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Figure 5.26 BSE image taken from the oxide scale and going towards the bulk of EK2-TGA
alloy followed by qualitative elemental maps of N, O, Ni, Co, Cr, Al and Ta.
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Figure 5.27 BSE image taken from the bulk of EK2-TGA alloy followed by qualitative
elemental maps of N, O, Ni, Co, Cr, Al and Ta.
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Qualitative X-ray maps from the near surface area and the bulk can be seen in fig.
5.26 and 5.27 and figure 5.26 shows the presence of N, O, Al and Ta in the oxide scale and
white features in the diffusion zone. The Cr maps confirm the Cr content in the o-phase. The
Ta maps showed that the highest Ta content was associated with the white phases formed in
the bulk and in the diffusion zone. The N and O maps showed the presence of these elements
in the o-phase.

Quantitative maps for Ni and Cr are shown in fig. 5.28. The Ni map confirmed that
the white features below the oxide scale were Ni rich. The Cr map revealed highest Cr
concentration in the o-phase which had grown around the B-NiAl phase and that small white
precipitates inside the intermetallics grains were Cr rich. The microstructure below the scale

was richer in Cr compared with the bulk.
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Figure 5.28 BSE image taken from the oxide scale and going towards the bulk of EK2-TGA
alloy followed by quantitative elemental maps of N, O, Ni, Co, Cr, Al and Ta.
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5.2.2.3 Ni-20.1C0-19.8Cr-16.2A1-1.1Ta-0.3Y (alloy EK3)

5.2.2.3.1 Microstructure and glancing angle XRD

The EK3 alloy surface had a slightly more uniform coverage by oxides compared
with EK2. The edges were well defined, as was the case for the alloys EK1 and EK2. The
scale seemed to be denser and no cracks were visible. Some large oxide growths were present
(fig. 5.29) that were denser and bulkier than those formed on the EK1 and EK2 alloys and the

rest of the scale was more uniformly spread on the whole surface.

hode Hviﬁ?ﬁag [=] sbot WD
SE_[20.00kV| 300x 130 11.5mml__________EK3ACO75TGA_________|

large oxide growth with Ta rich particles

st it i ,L e . SO, . ST .. .- D
0.0 160 200 320 400 480 560 .00 12 8l ke

Figure 5.29 SEI image and EDS spectrum showing large oxide growth with Ta rich particles.
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Figure 5.30 SEI image and EDS spectra showing glassy like features in the scale. The

donut like glassy features were Al or Ta rich.
Glassy like features similar to the ones observed in EK2 were also formed on

the EK3 alloy (fig. 5.30). The large growths and the glassy features had areas that

were rich in Al or Ta. Other parts of the scale are shown in figs 5.31 and 5.32.
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Figure 5.31 SEI image and EDS spectra showing Al>O3 scale with Ta and Al rich particles.
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Figure 5.32 SEI image and EDS spectra showing Al2O3 oxide scale.

The glancing-angle XRD data of the EK3 alloy before and after oxidation is shown in
figures 5.33 and 5.34. X-ray peaks for the y-Nig, y'-Ni3Al and B-NiAl peaks were identified
in both glancing angles. In the lower glancing-angle, see figure 5.34 a there were peaks for a-
ADO3 and Cr203 and the peaks for 6-AlO3 and y-Al>O3 coincided with those of 6 and a-
ADOs. In the higher glancing angle, see figure 5.34 b there were peaks for y-Al>O3, a-AlO3
and Cr203 and the peaks of 0-AlO3z coincided with those of the other oxides. In both
glancing angle peaks for AIN and Cr2N coincides with those of the other oxides.
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Figure 5.33 Glancing angle XRD data for the alloy EK3 before oxidation (a) y= 2.5° and (b)
y=>5".
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Figure 5.34 Glancing angle XRD data for the oxide scale formed on the alloy EK3 for
100 hrs at 975 °C in air (a) y=2.5° and (b) y=5".
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5.2.2.3.2 Microstructure of oxidised alloy

WDS studies of the EK3 alloy confirmed the presence of y-Niss, y'-NizAl and B-NiAl.
The microstructure consisted of the oxide scale on the surface, internal oxidation and a
diffusion zone, see fig. 5.35 some of the B-NiAl grains contained white contrast phases and
v'-NizAl had precipitated in the y-Nigs (figs 5.35 to 5.37). Starting from the surface and going
towards the bulk, there was an oxide layer rich in O (31.4 at %), Al (68.6 at %) and Ta (19.1
at %) (see Table 5.8), the latter indicated the Ta presence in the oxide scale as was also
suggested by the EDS qualitative analysis of the scale, see figures 5.29 to 5.31. Below the
oxide scale the internal oxidation exhibited dark contrast and was rich in O (33.5 at %) and
Al (45.5 at %). The diffusion zone was rich in Ni (34.9 at %), Co (26.3 at %) and Cr (27.4 at
%), as was the case in the EK1 and EK2 alloys. In the diffusion zone some white/grey
contrast features were formed (figs 5.35 and 5.36) which were rich in Ni (49.3 at %) as in the
EK2 alloy but slightly richer in Al and slightly poorer in Co and Cr. Fig. 5.39 also shows a Cr
rich layer that was formed below the oxide layer. The bulk microstructure is shown in fig.
5.38. The microstructure consisted of y-Nig+ y'-NizAl, B intermetallics and a c-phase rich in
Ni (13.2 at %), Co (12.8 at %), Cr (54.4 at %) and Ta (12.1 at %). Two more phases were
identified, a white phase rich in Y, see fig. 5.37 and the white contrast precipitates in -NiAl
that were rich in Ni (42.3 at %), Co (18.3 at %), Cr (13.5 at %) and Al (17.1 at %).
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internal oxidation .
oxide scale

>diffusion zone

B-NiAl white/grey contrast features
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mode HV mag O| WD |spot 10 um
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Figure 5.35 BSE image of a cross section of the oxidised EK3 alloy.

Z Cont|20.00 kV|1000x [10.8 mm| 3.0

Figure 5.36 BSE image of the bulk of EK3. The dark contrast areas correspond to -

NiAl and not to internal oxidation.
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Figure 5.37 BSE image and EDS spectra taken from the bulk of EK3 showing B-NiAl

and bright phases precipitated on and near it.
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i precipitates exhibiting white contrast

n‘ i il i 1 " Jl YA

10.00 12.00 1400 ke'

y ‘ grey contrast phase rich in Y

E <

" i
200 4.00 6.00 8.00 10.00 12.00 14.00 kel

B-NiAl phase with/out Ni, Al and Ta
rich precipitates exhibiting white
contrast

mo mag O |
Z Cont|20.00 kV| 10 000 x [10.

Y'-Ni;Al precipitates in y-Ni

200 400 6.00 800 1000 1200 1400 16.00 kel

Figure 5.38 BSE image and EDS spectra taken form the bulk of the oxidised EK3
alloy showing the B-NiAl phase with/out Ni, Al and Ta rich precipitates exhibiting
white contrast, and Y rich phase exhibiting grey contrast and precipitates of y'-NizAl

in y-Niss.
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¢ Cr rich layer underneath the oxide scale
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Figure 5.39 BSE image and EDS spectra suggesting presence of a Cr rich layer
underneath the oxide scale and a Ni, Al and Ta rich grey contrast phase forming under

the Cr rich layer.
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Table 5.8 WDS analysis data (at %) of different part of the cross section of the EK3 alloy after oxidation at 975 °C for 100 hrs.

area N (0) Ni Co Cr Al Ta Y
oxide scale 0 31.448.2 0.3+£0.07 0.2+0.03 1.3£0.2 68.6+7.4 0.8+0.4 0
internal oxidation 0 33.5+1.9 6.5+1.6 5.9+1.3 9.3+1.4 45.542.6 0.3 0.7+0.5
diffusion zone 5.7£0.9 0.8+0.1 34.9+1.7 26.3£1.2 27.4+1.4 3.9+0.5 0.8+0.2 0
white features in diffusion zone | 6.1+0.2 0.1+0.03 49.3£1.2 15+0.4 10.7£0.9 14.4+1.6 3.7+0.7 0
B-NiAl 6.4+0.6 0.4+0.3 45.3+0.9 10.5+0.6 5.240.6 31.8+1.5 0.3+0.2 0.04+0.03
v-Niss+y'-NizAl 5.7+1.8 1.1+0.1 39+1.3 22.3+1.3 20.1£0.9 10.2+0.9 1.4+0.4 0
white features in f-NiAl 5.7£0.2 0.5+£0.4 42.3+7.3 18.3£5.3 | 18.5+£0.02 | 17.1+4.1 2.5+1.5 0
c-phase in bulk 1.3+0.9 1.9+0.3 13.2+£1.2 12.84+0.3 54.4+1.2 3.7+1.1 0.7£0.2 12.1+0.5
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Figure 5.40 BSE image of cross section showing distributions (detected by WDS)

of Ni, Co, Cr, Al, Taand Y as a function of distance from the surface.

Elemental distributions along a cross section of the EK3 alloy obtained by
WDS as a function of distance from the coating surface are shown in fig. 5.40. The
oxide scale was rich in O and Al whose concentrations decreased as the scan
moved from the surface towards the bulk. The diffusion zone was characterised by
its enrichment in Ni, Co and Cr. As the line scan moved in the bulk the Ni, Co and
Cr levels remained fairly stable as it crossed through y-Niss+ y'-Ni3zAl and at about
~18 pum below the surface the Ni and Al contents increased as the scan crossed a f3-
NiAl intermetallic grain. In the bulk the O, Ta and Y concentrations were very low.

The N level increased in the diffusion zone.
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10um Al Ka1 10Um Ta Ma1

Figure 5.41 BSE image and qualitative elemental maps of N, O, Ni, Co, Cr, Al, Ta

and Y taken from the oxide scale and the microstructure below it.
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10um

Figure 5.42 BSE image and qualitative elemental maps of N, O, Ni, Co, Cr, Al, Ta
and Y taken from the bulk of EK3.

204



Qualitative maps collected from the surface and the bulk can be seen in figs
5.41 and 5.42 and quantitative maps in fig. 5.43. The oxide scale was rich in N, O
and Al supporting the WDS and XRD results for Al,O3 oxide scale formation. The
oxide scale appeared to be relatively thin and of varying thickness along the
surface. Cr,03 formation below the alumina scale and Ta rich areas in the alumina
scale are indicated in the maps and confirm and lies findings. The white features in
the diffusion zone and surrounding the NiAl intermetallics appear to be rich in Ni
and Ta (fig. 5.41). Internal oxidation features are very rich in Al and contain N (fig.
5.41). The o-phase is Cr rich and with N and O content. Ta rich areas are indicated
around the NiAl intermetallics. In fig. 5.41 Ta appears to be present in the internal

oxidation area and on the surface in fig. 5.43.
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Figure 5.43 BSE image and quantitative elemental maps of N, O, Ni, Co, Cr, Al,

Ta and Y taken from the oxide scale and the microstructure below it.
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5.2.2.4 Ni-20Co0-19.7Cr-16.1A1-1.1Ta-0.3Y-0.2Hf (alloy EK4)

5.2.2.4.1 Microstructure and glancing angle XRD

The oxide scale on the EK4 alloy was significantly more uniform than that
formed on the oxidised alloy, EK1, and thinner. The edges were well defined and
there were few islands of large oxide growths. No cracks were visible but there
were holes in the scale (see figures 5.45 and 5.46). Unlike the alloys EK2 and EK3,
in the EK4 alloy there was no evidence of glassy features in the scale. Further
details of the scale formed on EK4 are shown in fig. 5.46 and 5.44. EDS confirmed
the presence of Ta and Cr in the scale (fig. 5.45, 5.44).

Figure 5.44 SEI image showing needle like Al>O3 formation.
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(a) Ta alumina oxide with Ta rich areas
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Figure 5.45 SEI image and EDS spectra of scales showing holes in the latter and

alumina oxide with Ta rich areas.
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Al cauliflower Al,O, formation with areas rich in Ta and Cr
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Figure 5.46 SEI image and EDS spectra showing cauliflower Al>O3 formation with

areas rich in Ta and Cr.
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Figure 5.47 SEI image and EDS spectra showing Al,O3 formations.
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The glancing-angle XRD data EK4 is shown in figures 5.48 and 5.49. Peaks for the
v-Niss, v'-NizAl and B-NiAl phases were present in the diffractogram before and after
oxidation. For the glancing angle y=2.5° there were peaks for 6-Al>O3; and a-Al>O3 and the
peaks for y-Al>O3 coincided with those of 6 and a-Al2O3 and the peaks of Cr2O3 coincided
with those of other phases. For the glancing angle y=5° there were peaks for 0-Al,0s, o-
Al>O3 and Cr203 and the peaks for y-Al,O3 coincided with those for 6 and a-Al,Os. For
both y values there were peaks of AIN and Cr2N that coincided with those of other phases

but for y=5° there was one peak corresponding only to AIN.
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continued in the next page
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Figure 5.48 Glancing angle XRD data for the alloy EK4 before oxidation (a) y= 2.5° and

(b)y=5".
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Figure 5.49 Glancing angle XRD data for the oxide scale formed on the alloy EK4 after
oxidation for 100 hrs at 975 °C in air (a) y=2.5° and (b) y=5".

5.2.2.5.2 Microstructure of oxidised alloy

A cross section of the oxidised alloy is shown in figure 5.50. The surface of EK4
was covered by an oxide scale rich in O (38.3 at %) and Al (52 at %) with high Cr content
(8 at %), see Table 5.9. The diffusion zone was rich in Ni (28.7 at %), Co (22.1 at %) and
Cr (22.5 at %) and had high Al content (15.8 at %) compared with the diffusion zone in the
previous alloys EK1 to EK3. In the diffusion zone, some white features had formed and
there were rich in Ni (48.2 at %), and slightly poorer in Co (14.9 at %) and Cr (10.2 at %)
compared with the alloy EK3, see Table 5.9. The Al content (17 at %) in these white
features was similar with those formed in the EK3 and higher than in EK2. Internal
oxidation was also evident and this was more severe than in the alloys EK2 and EK3, see
figs 5.50 and 5.51. The internal oxidation was rich in O (30.3 at %) and Al (34.4 at %)
which were slightly lower than in the EK3 alloy and very different than in the EK1 and
EK2 alloys where the O content was very low and the Al content was significantly high.
As seen in figs 5.50 and 5.51 the internal oxidation had penetrated deep in this alloy and
reached its bulk. This was not the case in the alloys EK1, EK2 and EK3. Precipitation of
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v'-NizAl in y-Niss was evident both near the scale and in the bulk (figs 5.50, 5.52).
Compared with EK2 and EK3 the B-NiAl was free of second phases. One phase formed at
the interface of B-NiAl with the y-Nigs grains had a morphology similar to the c-phase
observed in EK2 and EK3 but higher Ni (47.2 at %) and Ta (4.7 at %) and lower Cr (10.1
at %) contents. Another phase exhibited bright/white contrast, was formed in the area of
internal oxidation and had high Y (4.1 at %), Ta (7.4 at %) and Hf (19.5 at %) contents.
The O concentration below the surface area was low with the exception of the internal

oxidation areas and the bright/white contrast phase.

l oxide scale

internal oxidation
A ¢ o i e -

white features

> diffusion layer

- white features
F .

LW i g 1 % ;
spot| WD mag =\" det | Lens Mode
1 3.0 [4.8mm|5000x|20.00 kV| BSED | Field-Free

Figure 5.50 BSE image illustrating different phases and layers of the oxidised EK4
alloy.
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Figure 5.51 BSE images showing (a) internal oxidation below the surface, (b) internal

oxidation in the bulk.
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Figure 5.52 BSE image showing different phases in the bulk microstructure of the oxidised

EK4 alloy.
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Table 5.9 WDS analysis data (at %) of different parts of the cross section of the EK4 alloy after oxidation at 975 °C for 100 hrs.

area N (0) Ni Co Cr Al Ta Y Hf

oxide scale 0 38.3+4.3 2+0.4 1.8+0.4 8+2 5242.6 | 0.9+0.3 0 0

internal oxidation 0 32.248.5 | 11.9+4.7 8.3+3.4 | 11.244.6 | 36.7£5.9 | 0.6£0.6 | 0.04+0.04 | 0.3£0.2
diffusion zone 52412 | 5£2.5 28.74£2.8 22.1+2 22.5+2.2 | 15.8+6.2 0.5 0 0
white features in diffusion zone | 6.2+0.8 1+0.6 48.242.9 149419 | 10.243.2 | 174£2.9 | 2.940.1 0 0
B-NiAl 6.7+1.8 | 0.9£0.1 43.1+0.8 10.3£0.04 | 5.5£0.2 | 33.3x1.4 | 0.3+0.1 0 0
vNiss+y’NizAl 5.4+£1.2 1£0.5 36.243.1 23.7£2.5 | 22.1£3.3 | 10.2+1.5 | 1.5+0.8 0 0

p-phase in bulk 4440.8 | 1.2+0.3 47.2+43.1 15.3+1.5 | 10.1+£2.7 | 16.44£2.6 | 4.7+0.2 0 0.7+0.5

bright/white features in bulk | 6.7+1.8 | 5.9+2.3 25.5+¢1.2 10.3+£0.8 8.7+1 11.7£2.1 | 7.4+1 4,143 19.5+4.2
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Figure 5.53 BSE image of cross section showing distributions (detected by WDS) of Ni,

Co, Cr, Al, Ta, Y and Hf as a function of distance from the surface.

Elemental distributions along a cross section of the oxidised EK4 alloy obtained by
WDS as a function of distance from the scale are shown in fig. 5.53. The surface was rich
in O, Al and N according to the X-ray maps and there was also presence of Hf and Ta and
possibly Y. In the diffusion zone the O and Al contents decreased significantly and the Ni,
Co and Cr contents increased. As the scan moved towards the bulk it reached the y-
Niss+y’-NizAl areas where the Ni, Co and Cr distributions remained stable throughout the
whole scan as it did not cross any B-NiAl grains. The Y and Hf contents were very low
throughout the whole scan, below 1 at%, whereas the N content was up to 4 at%. The O
content was very low beyond the diffusion zone towards the bulk. Ta content increased
slightly around 5-9 pm below the surface when the scan crossed the white phases in the

diffusion zone.
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Figure 5.54 BSE image and qualitative elemental maps of N, O, Ni, Co, Cr, Al, Ta, Y and

Hf taken from the oxide scale and the microstructure below it in the oxidised EK4 alloy.
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Figure 5.55 BSE image and qualitative elemental maps of N, O, Ni, Co, Cr, Al, Ta, Y and

Hf taken from the bulk of oxidised EK4 alloy.
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Qualitative and quantitative data maps of the surface areas and the bulk are shown
in figs 5.54 to 5.57. According to the X-ray maps the N, O and Al concentrations were
high in the oxide scale where some Cr was also detected that would be attributed to Cr2O3
formation, as suggested by the XRD. Below the scale in the diffusion zone the Ni, Co and
Cr contents increased. The Ni and Al concentrations were high in the B intermetallics. The
v-Niss+y’-NizAl areas were rich in Ni, Co and Cr but the Ni content was lower than in the
B-NiAl and the Co and Cr were lower than in the o-phase. The brighter regions in the Ta
maps corresponded to the white phases in the diffusion zone and bulk, whereas for Y the
lighter contrast in the maps indicated the white phase or internal oxidation. The Hf

appeared to be associated with Ta and Y.
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Figure 5.56 BSE image taken from the oxide scale and going towards the bulk of EK4-
TGA alloy followed by quantitative elemental maps of N, O, Ni, Co, Cr, Al, Ta, Y and Hf.
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Figure 5.57 BSE image and quantitative elemental maps of N, O, Ni, Co, Cr, Al, Ta, Y and
Hf taken from the bulk of the oxidised EK4 alloy.

The quantitative maps showed Ta, Y and Hf participation in the scale and Ta enrichment
of the diffusion zone below the scale in the areas that were rich in Co and Cr. The Ni

concentration increased in the c-phase.
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5.2.2.5 Ni-19.3Co0-19Cr-15.6A1-1.1Ta-0.3Y-0.2Hf-3.5Si (alloy EKS)

5.2.2.5.1 Microstructure and glancing angle XRD

The surface of the oxidised EKS alloy had the most uniform coverage by oxide
scale with no cracks in the majority of the surface, no holes and no large growths of oxide,
see fig. 5.58. The EDS studies suggested the presence of AloO3 and SiO, Cr and Ta
content in the latter and Cr in the former see figs 5.59 and 5.60. There were Al>2O3 needles
forming cauliflower like structures (see figure 5.61) and coarsen Al>Os (see figure 5.60),

probably due to the different transient types of aluminas.

mode HV mag [ |spot| WD — —
SE |20.00kV|1300x| 3.0 |11.7 mm EKS5AC 975C TGA

Figure 5.58 SEI image of the surface of the EKS5 alloy oxidised at 975 °C for 100 hrs in air,

showing a uniform oxide coverage with no large oxide growths.
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Figure 5.59 SEI image and EDS spectra showing different oxide formations and substrate

in EKS.
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Figure 5.60 SEI images and EDS spectra showing different oxide formations.
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Figure 5.61 SEI images and EDS spectra showing different Al>O3 growths.

The glancing-angle XRD data is shown in figures 5.62 and 5.63. Peaks of the v-
Nigs, 7'-NiszAl and B-NiAl were present in the as cast condition and after oxidation. At the
low glancing-angle there were peaks for 6-Al2O; and a-Al;O3, the peaks for y-Al2Os
coincided with those of the 6 and a-Al,O3 and the peaks for Cr,03 coincided with those of
other oxides. For the higher glancing-angle there were peaks for y-Al>O3, 6-Al,O3 and a-
AlO3 and Cr20s3. In both glancing angles the peaks for AIN and Cr2N coincided with those

of the oxides.
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Figure 5.62 Glancing angle XRD data for the alloy EKS5 before oxidation (a) y= 2.5° and
(b)y=5".
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Figure 5.63 Glancing angle XRD data for the oxide scale formed on the alloy EKS after
oxidation for 100 hrs at 975 °C in air (a) y=2.5" and (b) y=5".
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5.2.2.5.2 Microstructure of the oxidised alloy

The microstructures near the surface and in the bulk of the oxidised alloy EKS are
shown in fig. 5.64 and EDS spectra from different phases in these areas are given in figs

5.65 to 5.68. Quantitative WDS analysis is summarised in Table 5.10.
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Figure 5.64 BSE images of the microstructure of the oxidised EKS alloy (a) below the
oxide scale and (b) in the bulk.
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Figure 5.65 BSE images and EDS spectra taken near the surface of the oxidised EKS alloy.
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Figure 5.66 BSE image and EDS spectra from the microstructure near the surface of the

oxidised EKS5 alloy.
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Figure 5.67 BSE images and EDS spectra taken near the oxide scale.

233



Mmu.mmmm

9.00 10.00 ke!

Ni

0.90 180 27 360 450 5.40 630 7.20 8.10 ke!

900 ke

(d si

Figure 5.68 BSE image and EDS spectra taken from phases in the bulk of the oxidised
EKS5 alloy showing y-Nigs+y'-NizAl, B-NiAl and three other phases with different contrast
one rich in Ni, Al, Si, Hf and Ta, one rich in Ni, Al and Si and another with brighter

contrast and rich in Si, Hf and Ta.
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Table 5.10 WDS analysis data (at %) of different peaks of the cross section of the EKS alloy after oxidation at 975 °C for 100 hrs.

Area N Q) Ni Co Cr Al Ta Y Hf Si

oxide scale 0 56.1+1.9 0.2 0.2 0.8+0.1 | 46.8+1.8 0 0 0 0
internal oxidation 0.1 33.8+6 12.1+6.3 | 6.7£3.1 6.9+3.4 | 32.6£7.2 | 0.8+0.2 5+1.2 1.240.6 | 1.4+0.5
diffusion zone 8.1+2.2 1.2+40.3 32+0.7 23.8+0.7 26.8+1 3.6£0.9 | 0.1x0.05 0 0 4.4+0.3
p-phase in bulk 6.2+0.9 0.840.7 | 47.4+4.4 | 14.2+£2.1 | 11.1£3.6 | 13.3+5.6 2.1+£1 1.3£2.3 0 3.5+2.7
B-NiAl 6.4+0.8 1.120.4 | 43.5+1.9 | 10.240.7 | 6.5£1.7 | 30.3+0.8 0 0 0 1.8+0.2

yNigs+y'NizAl 7.4+1 0.5+0.08 37.5 21.1+0.3 | 20.9£0.5 | 8.4+0.9 1+0.5 0 0 3+0.7

bright/white features | 9.8+1.7 2.6+1.4 34.6%5 14.8+0.6 | 9.3£2.3 5.6x1.2 6.5£2.5 | 1.3x1.2 | 2.7¢1.1 | 12.5+£3.3
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The oxide scale was rich in O (56.1 at %) and Al (46.8 at %). There were internal
oxidation areas which were rich in O (33.8 at %), Al (32.6 at %) and Y (5 at %). The
diffusion zone was rich in Ni (32 at %), Co (23.8 at %), Cr (26.8 at %) and Si (4.4 at %). A
phase resembling the o-phase was formed in the diffusion zone and in the bulk. This phase
was rich in Ni (47.4 at %), Co (14.2 at %), Cr (11.1 at %), Al (13.3 at %) and Si (3.6 at %).
WDS analyse in the bulk gave y-Niss+y'-NizAl with Ni 37.5 at%, Co 21.1 at% and Cr 20.9
at% and B-NiAl with Ni (43.5 at %) and Al (30.3 at %). The white contrast phases in the
microstructure had the highest N (9.8 at %) concentration of all the phases present in this
alloy as well as high Ni (34.6 at %), Co (14.8 at %) and Si (12.5 at %) contents. The

highest Ta, Hf and Si contents were observed in the white phase.
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Figure 5.69 BSE image of cross section showing distributions (detected by WDS) of Ni,

Co, Cr, Al, Ta, Y, Hf and Si as a function of distance from the surface.

Figure 5.69 shows elemental distributions along a cross section of the EKS alloy
after oxidation as a function of distance from the surface to the bulk. Figs 5.70 and 5.71

show qualitative and quantitative elemental maps for the near the surface areas and figs
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5.72 and 5.73 for the bulk. The oxide scale was rich in Al, O and N and the quantitative
maps also indicated the presence of Cr, Ta, Hf, Y, Si and Ni. Beneath the scale the O and
Al levels were reduced and the Ni, Co and Cr levels were increased. To around 5 um
below the surface these levels remained stable as the scans went through y-Niss+y'-NizAl
phases. When the scan crossed the internal oxidation areas the Al levels were slightly
increased and the Ni, Co and Cr levels were decreased. The elemental maps in figs 5.70
and 5.71 also indicated Cr, Si and Co enrichment and Ni and Ta depletion below the scale.
The elemental maps in figs 5.72 and 5.73 confirmed the presence of O, Al, Y, Si and Hf in
the internal oxidation areas.

The Ni maps showed that the highest content was in the B intermetallics where the
Al content was also high but always lower than in the oxide scale and internal oxidation
areas. From the Co and Cr maps it was noticeable that in the diffusion zone these elements
appeared to be in high concentration, then these concentrations decreased slightly in the p-
phase and more in the y-Nig+y'-NizAl. The highest Ta content was in the white features
formed below the surface and in the bulk whereas significant amounts of Ta were found
very close to the oxide scale. Regarding the Y, Hf and Si these elements seemed to
concentrate in the white features and close to the internal oxidation areas whereas the Ta,
Y and Si showed significant amounts in the p-phase too, which was in agreement with the

WDS data, see in Table 5.10.
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Figure 5.70 BSE image and qualitative elemental maps of N, O, Ni, Co, Cr, Al, Ta,

Y, Hf and Si taken from the area near the oxide scale of the oxidised EKS alloy.
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Figure 5.71 BSE image and quantitative elemental maps of N, O, Ni, Co, Cr, Al, Ta, Y, Hf

and Si taken from areas near the oxide scale of the EKS5 alloy.
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Figure 5.72 BSE image and qualitative elemental maps of N, O, Ni, Co, Cr, Al, Ta, Y, Hf
and Si taken from the bulk of EKS5 alloy.

240



CrK _SERIES

10um Ta M_SERIES

T0pm Hf L_SERIES

T0pm Si K_SERIES

Figure 5.73 BSE image and quantitative elemental maps of N, O, Ni, Co, Cr, Al,
Ta, Y, Hf and Si taken from the bulk of EKS alloy.
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5.3 Discussion

The multicomponent alloys of this study were designed to resist type I and type II
high temperature corrosion and form alumina scales, in particular the desirable a-Al>Os.
The key alloying elements in the alloys were the Al and Cr. The alloys were designed to
have Al rich oxidation resistant Ni intermetallic phases, such as -NiAl and Y-Ni3zAl, and
the Ni solid solution (y-Niss) in their microstructures. There is solubility of Al and Cr in all
three phases.

The B-NiAl, Y-NizAl and the y-Nigs would be the “reservoirs” of Al and Cr and
were expected to “ensure” the formation of alumina scale on the alloys. Since Cr2O3 forms
a complete solid solution with Al>Os3, it was expected that Cr would dissolve in Al,O3 and
not segregate on its grain boundaries. As the scale formed, depletion of species in the
microstructure below the scale could lead to phase transformation(s), for example
formation of leaner in Al and/or Cr phases, which in turn could affect scale formation on
the alloy when cracks in the scale exposed the substrate to the oxidising environment.
Thus, scale chemistry (e.g., type(s) of oxide(s)), structure (e.g., continuity and uniformity)
and performance upon cooling from the oxidation temperature (e.g., adhesion), would be
affected by the whole microstructure (size, volume fraction and distribution of phases and
their chemistry) and the way the latter “evolves” below the scale as oxidation proceeds, in
other words not just by the presence of Al and Cr in the alloy and the concentrations of
these elements in the relevant phases in the alloy.

In designing/selecting the alloys of this study and for interpreting their oxidation
behaviour a vast literature on the oxidation of alumina and chromia forming alloys had to
be taken into account. Some of the important issues regarding phase equilibria, the effects
of alloying on oxidation rate, oxide grain size, oxide adhesion and oxidation mechanism
and subscale phase formation are highlighted below and the discussion expands on the
most important ones later on when the results reported in this chapter are considered.

According to the Ni-Al-O ternary, at 800 — 1400 °C the a-Al;O3 is in equilibrium
with all Ni aluminides and according to the NiAl-Cr-O ternary the NiAl is not in
equilibrium with Cr.O3; oxide; they interact to form a reaction zone of variable
composition Al>.xCrxO3 and Ni3Al [Povarova et al, 2007].

In Ni-Al based alloys the addition of reactive elements (see below) is reported to be

very effective. In chromia forming alloys, the addition of Y (e.g. in FeCrAl with Y added
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as Y203) leads to reduction of oxidation rate, decrease of the oxide grain size,
improvement of oxide adhesion and change of the oxidation mechanism to anion diffusion
[Whittle and Stringer, 1980]. In alumina forming alloys with Y addition changes in the
microstructure of the oxide and improvement of its adherence have been reported but the
reduction in oxidation rate is about a factor of 2 or less compared with x10 to 100
reductions in chromia forming alloys. When Y is the RE addition, the change in oxidation
behaviour has been linked with its interaction with sulphur (see below) and/or its
segregation in g.bs (see below).

Reactive elements also affect oxide morphology (see below) and oxide type (see
below). In the case of NiAl with/out Y addition the scale formed at 1000 °C on the
alloyed intermetallic consisted of plates and whiskers of 0-Al,Os as compared with
nodules in the un-alloyed phase that formed a-Al2O3 [Pint et al. 1991]. For NiAl the 6-
AlLO3; — «-AlLO;5 transformation occurs below 1000 °C [Rybicki and Smialek, 1989]
while for T > 1000 °C the 0-Al>03 forms first and then transforms to a-Al,Os. Pint et al
(1991) suggested that the 86-Al203 — o-AlxO3 transformation may explain the conflicting
results about the growth mechanism for alumina scales: 8-Al2O3 growing by Al transport
out and a-Al,O3 by oxygen transport in. In the isothermal oxidation at 1000 °C of NiAl+
Al>O3 with/out Y the oxidation product was o-Al,O3 in both cases but the addition of Y
changed the scale morphology as it led to the disappearance of the ridge structures [Xu et
al, 2011]. In isothermal oxidation at 900 °C, 1000 °C and 1100 °C of a sputtered NiCrAlY
coating the 0-Al,03 — o-Al2Os transformation was faster as the oxidation temperature
increased.

Cross sections of oxidised specimens consisted of the substrate, a diffusion layer, a
zone below the scale and the scale. During oxidation the B-NiAl transformed to y-NizAl
and Y-Nig [Li et al, 2003]. Zhang et al (2011) reported that y-NizAl formed in the vicinity
of the NiAl/y-Al,O3 interface after 1 h oxidation at 750 °C and that the formation of 7y-
NizAl coincided with significant void formation. Subsequent study by Zhang et al (2012)
of oxidised NiAl (110) showed that at T > 850 °C or T < 650 °C the y-Ni3Al was not
formed below the surface after 1 h. They concluded that in cases where subsurface
formation of the Y-Ni3zAl occurs during the early stages of oxidation its existence can be
transient, as shown by the results for oxidation at 750 °C.

Oxidation can affect the mechanical behaviour of NiAl. Noebe and Gibala (1995)

reported surface film softening of NiAl based on their study of oxidised impure non-
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stoichiometric NiAl single crystals with axial orientation near [123]. They observed
softening at room temperature in compression. The softening increased with oxide
thickness and the amount of softening appeared to be related to the stress state of the
oxide. The flow stress was ~ 20% lower and the strains to failure were larger than that of
the un-oxidised specimen. In a few instances the ductility enhancement was as much as
four times. The larger effect was observed at 1000 °C with 350 nm 8-Al>O3. Overall the
softening effect observed for the a-Al2O3 was small compared with that seen for the
NiAl>Os4 spinel.

The magnitude of the thermal stress ¢ in an oxide can be estimated from ¢ =
[EAT(ac — am)]/(1-v) where ¢ is assumed to be biaxial (¢ = Ox = Oy >> G,), E is the elastic
modulus, Vv is the Poisson ratio, ac is the CTE of the oxide and an the CTE of the substrate
and AT is the temperature difference between the oxidation and ambient temperatures
[Oxx, 1995]. For a-Al2O3 the E is significantly larger than that of the spinel but the ac
values are essentially the same [Kingery et al, 1976]. Therefore the stress ¢ will be greater
in a-AloO3 compared with the spinel.

In order to be protective, the scale formed on a high-temperature structural material
should be dense, slow-growing and adherent [Yang et al, 2001]. Experimental work has
shown that the adhesion of the a-Al>O3 scale significantly improved by alloying additions.
Calculations by Jarvis and Carter (2002) based on Density Functional Theory (DFT) of the
ideal cleavage energy at 0 K of Ni (111) and Al2O3 (001) gave values respectively about
3800 and 3000 mJ/m?. The calculated values for the adhesion of ideal Ni/Al,O3 interfaces
with increasing AlOj3 thickness were 618, 943 and 456 mJ/m? respectively for one, two
and three layer coating. The latter values are very weak indicating that the alumina/Ni
interfaces of a Ni substrate with Al,O; are unfavourable and that the metal/ceramic
adhesion dramatically decreases for the thickest oxide films. However, DFT based
calculations showed that alloying (doping) the substrate with early transition metals
improves adhesion of Ni/AlO3 interfaces by a 100 percent increase. The interface
adhesion values for doped Ni/Al>O3 interfaces with half-monolayer element doping were
1882, 1493, 1244, 3242, 3685 and 3213 mJ/m? respectively for Ni, Al, Si, Y, Ti and Zr.
These values show, for example, that the Al>O3 interface doped with Ni is stronger than
the ideal Ni/Al>Os3 interface and the strong effect of Y.

As an oxide scale grows, stresses invariably develop. Although the mechanisms by

which scale failure may eventually occur depend on factors such as the particular material
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being oxidized (see above), its surface preparation, the oxidation conditions and the
presence of impurities (alloying additions), there is a prevailing consensus that failure
occurs when the stored elastic strain energy in the scale (the product of the scale thickness
and the square of the stress) attains a critical value. Therefore, the stress state in an
oxidized scale is a critical parameter in predicting the loss of integrity of the scale, and
hence in assessing the long-term protection afforded by the underlying alloy. Because
scale failure can occur under a wide range of oxidation conditions, there has been
considerable interest in identifying the mechanisms by which stresses develop within a
growing oxide scale. At any instance in the thermo-mechanical history of the scale-alloy
system, the stress represents a complex interaction between several contributions: the
growth stresses, mediated by diffusional stress relaxation and augmented by thermal
expansion mismatch. The results show that, after a transient period, the stress in the oxide
scale is essentially independent of oxidation time. This is attributed to a steady-state
balance being established between the rate of stress relaxation by diffusional flow and the
rate of stress generation.

The value of the steady-state stress is expected to depend on the diffusional flow
properties of the alumina scale and hence on its grain size, porosity and impurity (dopant)
level. The transient period is attributed to the formation of a continuous a-Al>O3 scale
from initially metastable alumina phase(s). The growth stress in the alumina grains is
deduced to be tensile during this transient period. The tensile strain is attributed to the
molar volume change associated with the transformation to a-Al>O3. While it is generally
understood that the alumina scales on pure NiAl grow primarily by the outward diffusion
of aluminium at early times and a combination of inward diffusion of oxygen and outward
diffusion of aluminium at later stages, the growth rate of new oxide is not homogeneous
through the scale thickness [Lipkin et al, 1997]. Cracking and spallation are the main
modes that weaken the protective properties of the scale because they can expose the sub-
surface of the matrix to the atmosphere and lead to secondary oxidation. For NiAl-based
materials, the cracking of the scale is mainly caused by two factors, thermal stress and the
transformation of transition (metastable) aluminas to a-Al>O3z. During cooling, due to the
mismatch of the coefficients of thermal expansion (CTE) (~ 8-9%10°C"! for a-Al,O3 and ~
13-16%¥10° C! for MCrAlY [Wright and Evans, 1999]), there is a large thermal stress
between the scale and the matrix, which can induce cracking during oxidation.

Spallation of scale is caused by the cracking and formation of voids. During

oxidation, the stable a-AloO3; scale forms through diffusion involving simultaneous
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outward diffusion of Al and inward diffusion of O. The consumption of Al near the
matrix/scale interface causes Ni diffusion to the bulk to compensate for the Al depletion
and consequently leads to formation of voids along the matrix/scale interface. These voids
reduce the contact between the scale and matrix and weaken the adhesion of the scale
[Brumm and Grabke, 1993].

The above considerations were taken into account when designing (selecting) the
alloys to be studied in this thesis. Thus, in this work, the effects of alloying with a
refractory metal (Ta), reactive elements (REs) Hf and Y, and Si on phase stability,
architecture of microstructure (size, volume fraction and distribution of phases) and
oxidation behaviour were studied. The characterisation of the microstructures gave
particular emphasis on the analysis of the chemical compositions of the phases present in
the cast and heat treated conditions and in particular on the parameters Al/Cr and Al + Cr
in B-NiAl (see Table 4.9), as well as on the volume fractions of the B-NiAl and Ni (see
Table 4.14). The microstructure characterisation work also sought to determine the
compositions of the B-NiAl and Nig after oxidation (see below) and to investigate the
microstructure below the scale in order to establish which phase(s) supplied the Al and Cr
used in the formation of the scales.

Alumina scales are formed on Al-containing alloys by the faster species moving
along its fastest path. In all the alloys of this study it was expected (i) that the scale formed
in the early stages of oxidation would contain concentrations of the base alloy metals (in
all alloys at ambient atmosphere a few nanometres thick oxide layer is present in their
surfaces), (i1) that the concentrations of the base alloy metals would decrease as the scale
developed into a complete layer of alumina, (ii1) that the alumina would become “purer” as
its thickness increased with oxidation time and (iv) that oxides or spinels of the base alloy
metals might be incorporated in the final scale. The glancing angle XRD data for the alloys
provided evidence that the (iv) was indeed the case as NiCr,O4 and/or NiAl,Os were
detected in the scales (see figures 5.7, 5.19, 5.34, 5.49 and 5.66). The WDS data from the
study of cross sections of the oxidised alloy specimens confirmed the presence of alumina
in all scales and that chromia and alumina in the scale formed on the alloy EK?2 (see Tables
5.2,5.7,5.8,5.9, and 5.10). It was also expected that concentrations of base alloy metals in
the scale would vary from point to point owing to small grain size of base metal oxides or
spinels formed during oxidation. In other words it was expected that the scale will be

doped with elements present in the substrate.
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In this work REs were added in low concentrations (aimed to be less than 1 at%) as
dissolved metals (i.e., not as oxide dispersions). According to the literature, the REs have a
strong effect on scale formation and improve oxidation (oxidation rates in Ni based alloys
are reduced at least by a factor of 2). The effect of REs is stronger on the intermetallics of
interest in this study. For example, Pint reported reduced oxidation rate by a factor of ~ 10
for NiAl alloyed with Hf [Pint 1998]. The distribution [Stringer and Hou, 1986] and
concentration [Whittle et al, 1982] of REs are crucial for their effectiveness in the
oxidation behaviour of an alloy. Furthermore, the same REs used in different alloy types
may show different effects [Pint, 1998].

Reactive elements (REs) suppress the outward diffusion of Al, reduce scale
formation kinetics and affect the 6-Al,O; — o-AlO3 transformation. For example, Y
addition in NiAl reduces the formation of 0-Al,Os3, enhances the nucleation of a-Al,O3 and
accelerates the 0-Al,O3 — 0-Al,O3 transformation [Grabke, 1999]. However, the latter has
been disputed, for example by Pint et al, according to whom Y (like Hf) retards the
transformation of metastable aluminas to o-Al2O3; [Pint et al, 1996]. Water vapour
promoted the 0-Al,03 — 0-Al;O3 transformation in the work of Zhaohui Zhou et al
(2011). However, the literature on the influence of water vapour on this transformation is
contradictory.

Studies [Doychak and Ruhle 1989, Schumann and Ruhle 1994, Doychak et al
1989, Yang et al 1998] of the transformation of metastable (transition) aluminas in the
oxidation of B-Ni(Al,Cr) and 7y-Ni3(AlL,Cr) have confirmed a nucleation and growth
transition. First well-defined orientation relationships between transition aluminas and
their substrates are established. The subsequent transformation of the transition aluminas
to the stable o-Al>O3 occurs via nucleation at the scale-gas interface [Doychak et al, 1998]
or the scale-metal interface [Doychak and Ruhle 1988, Schumann and Ruhle 1994]. Close
packed planes in the transition aluminas are parallel to close packed planes in the o-Al>O3.

Regarding the intermetallic B-NiAl, slow growing Al,O3 scale with no Ni oxides
and spinels forms on oxidised pure (unalloyed or un-doped) B-NiAl [Pettit, 1967]. The
latter, however, is not a line (stoichiometric) compound, and when oxidised in its
unalloyed form its parabolic rate constant decreases with decreasing Al content, which
would suggest that the Al supply to the scale has an effect on its growth (see above).
Formation of voids at the oxide/intermetallic (i.e., NiAl) interface has been reported. It

should be noted that voids were observed in the scale formed on the alloys EK2-TGA

247



figure 5.15 and EK4-TGA figures 5.44 and 5.45 in this study and are attributed to
variations in the supply of Al to the scale. Regarding the other intermetallic of interest in
the alloys studied in this research, depending on oxidation conditions, other oxides than
Al>03 can form on the y-Ni3Al [Kuenzly and Douglass, 1974].

In the growth of alumina scales, so-called transition aluminas (all have cubic or
pseudo-cubic spinel structures) can form preferentially during the early stages of oxidation
before transferring to corundum (0-Al>O3), which is the stable polymorph of aluminium
oxide at ambient pressure. This was confirmed by the glancing angle XRD studies of the
surfaces of the oxidised alloys, see figures 5.7, 5.19, 5.34, 5.49 and 5.66. Furthermore, the
fast oxidation exhibited by the alloys in the early stages of oxidation (figure 5.1) is
believed to be because of the formation of transient aluminas. The change of slope of the
weight gain curves exhibited by all the alloys is usually considered to be due to the
transformation of transient aluminas to stable o-Al>Os.

The a-Al;O3 is denser than the transition aluminas and the transformation of the
latter to the former involves ~ 8% unit cell volume change and therefore can result to
substantial stresses in the scale [Doychack et al, 1989] that contribute to scale spallation.
Thus, the transformations discussed above are crucial to coating performance and life.
Furthermore, according to the literature compressive stresses in RE free alumina, which
can be significant (100 — 200 MPa), become tensile in the presence of Res [Veal et al.
2007 and Veal and Paulikas 2008]. The origin of the tensile stresses in the scales formed
on alloys with REs is not clear [Heuer eta al., 2011] As shown in this chapter, the
characterisation of the scales identified evidence of spallation and scale cracking, which
are attributed to the formation and transformation(s) of transition aluminas to o-Al,Os3 and
the presence of REs in the alloys EK3 to EKS, for example see alloy EK1-TGA figure 5.4
and 5.5 where cracks are visible on the surface of the whole oxidised sample and EK2-
TGA figure 5.15.

The grain boundary area in alumina scales is very significant, making grain
boundaries dominant transport paths through the scale. The grain size of transition
aluminas can be of the order of nanometres [Smialek and Gibala, 1983]. As the latter
transform the grain size of a-Al2Os; nucleated at the scale/alloy interface is of submicron
size [Yang et al., 1995] and as the scale becomes thicker the grain size tends to be about 2
pm [Pint and Hobbs, 1994]. The doping of the scale can lead to changes in grain structure

and equiaxed and/or columnar scales can form.
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As discussed above and supported by the results reported in this thesis, alumina
was formed in the scale of the oxidised alloy. The formation of alumina involved inward
oxygen diffusion and outward Al diffusion. Oxidation kinetics was controlled by the faster
of Al or oxygen grain boundary diffusion. The inward oxygen diffusion was dominant but
the outward Al diffusion was significant. If outward Al transport (or inward diffusion of Al
vacancies) dominated new oxide would appear at the scale-gas interface (cation vacancies
will be annihilated at the scale-substrate interface and there will be recession
(displacement) of the latter) and the vacancies would be injected into the substrate and
annihilated at vacancy sinks. If inward oxygen diffusion occurred oxygen vacancies would
be annihilated at the scale-gas interface and the metal vacancies created would be
annihilated in a sink in the substrate.

It was discussed above that the microstructure of the scale is important for the
transport processes during oxidation. Regarding volume (lattice) diffusion, following the
work of Paladino and Kingery (1962) it was accepted that Dai >> Doxygen and this is still
believed to be true [Heuer, 2008] even though there have been doubts as to what Paladino
and Kingery measured (i.e., volume or g.b diffusion). Heuer, in his paper “Oxygen and
aluminium diffusion in a-Al2O3: How much do we really understand?” concluded “the
answer to the question is not a great deal” and went on to identify eight areas that future
research should address [Heuer, 2008].

Lattice (volume) diffusion of oxygen in a-Al>O3 occurs by vacancy migration.
Regarding grain boundary diffusion, Dgp,®8" is significantly enhanced compared with
lattice diffusion Doxyeen. There is no data for D! [Heuer, 2008]. There have been only
two reports of Al self-diffusion in alumina, one by Paladino and Kingery (1962) and
another by LeGall et al (1994). Using the data of these researchers for lattice (volume) Al
diffusion in a-Al,O3 given in [Heuer 2008] the diffusion distance x of Al in o-Al>O3 after
100 h at 975 °C respectively would be 2.2 10° m and 0.42 m, which clearly shows the
inconsistencies of the existing data in the literature.

Further complications would arise if the alumina were to be doped (alloyed).
According to Tsubasa Nakagawa et al (2007), Y doping retards the grain boundary
diffusivity of oxygen by ~ 10 times compared with the un-doped alumina and the
segregation of Y at g.bs affects grain boundary sliding for stress relaxation at triple
junctions (in other words doping with Y affects the creep of alumina). In practice, doping

of the scale can occur from elements from the Ni superalloy substrate that diffuse in the
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BC (e.g., Ti) or by elements deliberately added in the alloy, for example REs. As the latter
has indeed been the case in the alloys EK3 to EKS of this study it is highly likely that the
oxygen diffusivity in a-Al,O3 was affected compared with the pure (i.e., non-doped) case.
Using the diffusivity data for oxygen from Tsubasa Nakagawa et al the diffusion distance
x (=2.4VDt) of oxygen after 100 h oxidation at 975 °C would be ~ 3.9 10""" m according to
the volume diffusion data for un-doped and Y doped a-Al,03, and 1 10® m and 6.4 10'm
for grain boundary diffusion along pristine and Y-doped X31 grain boundaries of 1 nm
thickness.

Doping by transition metals can also affect the shape of alumina as well as the
transformation of transition aluminas to o-Al>O3, for example the shape anisotropy of «-
ALOs platelets increased when doped with Ti (according to Hsing-1 Hsiang et al 2010)
Titania segregation of Ti at the g.bs of alumina would hinder the growth of specific
surfaces, thereby enhancing the development of platelet-shaped alumina grains), and the y-
AlLO3 — a-AlOs transformation was promoted. Fielitz et al (2008) reported that the
diffusivity of Al is orders of magnitude higher than the oxygen diffusivity in Ti doped o-
Al>O3 owing to an increase of the concentration of mobile Al vacancies which enable the
transport of Al by a vacancy mechanism. Using their data for the diffusion of Al in Ti-
doped alumina the diffusion distance x of Al in Ti doped a-Al2O3 would be in the range
1.2 108 mto 8 10® m, higher than the diffusion distance of Al calculated above for un-
doped alumina. Even though there is no data in the literature for the effect of Ta, it is
likely that the addition of Ta in the alloys EK2 to EKS qualitatively had a similar effect as
that of Ti.

Regarding the morphologies exhibited by metastable aluminas and o-Al203, for the
0-Al203 blades and whiskers and for the a-Al2O3 network of ridges on the oxide layer are
reported as being the typical ones. In particular, the a-Al>O3 scale morphology is that of a
thin textured oxide with thick ridges at g.bs (owing to grain boundary diffusion) extending
inwards and outwards [Doychak, 1989]. These morphologies were exhibited by scales
formed on the alloys of this study, see EK2-TGA alloy figure 5.17, EK3-TGA alloy figure
5.32, EK4-TGA alloy figures 5.45 and 5.47.

Oxidation induced stresses also arose from formation of new alumina within the
scale and at the oxide-gas and oxide-substrate interfaces when counter current inward
diffusion of oxygen and outward diffusion of Al could contribute almost equally to growth

of the scale [Quadakkers et al, 1991].
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Such stresses would in turn also influence scale adhesion. The latter however
would also be affected by impurities. Indeed, it has been reported that sulphur in Ni-Al
based alloys, even when present at ppm level, can promote scale spallation by segregating
at the oxide/scale interfaces where it causes a loss of adhesion. The REs Hf and Y are
believed to counteract this effect of sulphur impurities. Prussner et al (1997) and Khanna et
al (1989) showed that the oxidation rate increased in sulphur doped NiAl and NiCrAl
alloys. TEM was used in these studies to detect the sulphur in the scale where it had
segregated at the alumina g.bs. However, sulphur under the TEM desorbs quickly with
time, which makes it very difficult to detect accurately its concentration(s), particularly
when the latter are very small. In the research described in this thesis the characterisation
of the microstructures did not find evidence of sulphur using the techniques described in
the experimental chapter. There was evidence for contamination by nitrogen from the
oxidising environment, as suggested by the identification of AIN and Cr:>N nitride peaks in
the glancing angle XRD in the alloys EK1, EK2, EK3, EK4 and EKS5 of this study, see
figures 5.7, 5.19, 5.34, 549 and 5.66 and the WDS analysis data which showed the
presence of nitrogen below the scale (see below). The CroN is less stable than AIN.
Furthermore, the AIN is in equilibrium with NiAl and does not interact with it [Povarova
et al, 2007]. Formation of Al nitride has been reported by Zhong et al (2000) in NiAl
containing sputtered Ni-Al thin films. The nitrogen content in the latter increased with the
amount of N in the sputtering atmosphere. Thus, on the basis of the limited data in this
thesis and the aforementioned literature data the AIN is the most likely nitride phase to be
present. It should be noted that Noebe et al suggested that the formation of nitride(s) could
be beneficial for cyclic oxidation resistance [Noebe et al, 1993].

The sluggish diffusion kinetics of Al and O are responsible for the protection
afforded by the alumina scales. Alloying additions however significantly affect diffusion
(see above discussion regarding the doping of alumina and the effect of the latter on the
diffusivity of oxygen and [Reddy and Cooper, 1982]. It is suggested that scale formation
kinetics was dominated by grain boundary diffusion owing to the microstructure of
alumina scales (see above) and the low lattice (volume) diffusivities. As discussed above
reactive elements (e.g., Y) segregate to grain boundaries in the oxide [Tsubasa et al, 2007]
and inhibit the outward diffusion of Al (i.e., reduce oxidation kinetics). Regarding Y, in
the literature it has been suggested that it decreases the oxygen mobility along the alumina
scale g.bs owing to the Y-O bonds being considerably stronger than the Al-O bonds (the
melting point of Y203 is 2425 °C and of AlO3 is 2040 °C). The results of this research
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were not sufficient to support or refute the segregation of Y at grain boundary of the scale.
TEM investigations would be required to address this. Such studies were outside the scope
of the present study.

In the literature, the mechanism(s) by which REs inhibit Al diffusion is(are) not
well understood. Three explanations have been offered for the effectiveness of REs,
namely (i) “site blocking”, meaning that REs segregate to grain boundaries of the scale and
impede the outward diffusion of Al along the grain boundary, (i) the “swamp out”
mechanism in which preferential RE segregation at g.bs prevents segregation of other
alloying elements that would otherwise affect the local point defect populations in the
grain boundaries and enhance grain boundary diffusion [Pint at al 1998 and Nakagawa et
al, 2007] and (ii1) REs, rather than blocking diffusion paths, affect the electronic structure
of alumina, i.e., REs cause modification of the near-band edge grain boundary defect states
relative to those present in pure alumina (i.e., alumina without REs) [Heuer et al, 2013].
Regarding the Y effect, the study of the Y doping effect on g.b diffusion of oxygen using
pristine (un-doped) and Y doped «-AlxO3 bicrystals with the same geometrical
configuration led Tsubasa Nakagawa et al to conclude that the Y effect can be explained
by a “site blocking” mechanism or a “swamp out” mechanism, or by both of these. On the
basis of the results of this research it is not possible to select any of the above mechanisms.
The results however clearly indicated the beneficial effect of RE addition in the alloys
EK3 to EKS5 when their oxidation is compared with that of the alloy EK1.

Diffusion controlled scale formation should follow parabolic law. Wagner (1993)
considered both mass and charge transport across a growing oxide. He assumed growth of
a neutral oxide that was compact and free of short-circuit migration paths (in other words
Wagner ignored grain boundaries) and local equilibrium at any point in the oxide and
showed that the oxidation rate is dependent on the oxygen partial pressure when metal
vacancies or oxygen interstitials predominate in the oxide and that the rate is independent
of the oxygen partial pressure when oxygen vacancies or metal interstitials predominate.
However, as it has been discussed above, the oxidation kinetics is almost certainly
controlled by grain boundary diffusion and the microstructure of the scale formed is also
important regarding transport processes during oxidation. According to the literature, the
microstructure can be largely columnar for most of the scale thickness and equiaxed near
the scale/gas interface and gradients in oxygen chemical activity (oxygen potential) can

exist across the thickness of a growing alumina scale.
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The oxidation rates of the alloys EK2 and EK3 were one order of magnitude lower
than for the alloys EK1, EK4 and EKS. The Ni-20.4Co-21Cr-16.4Al alloy (EK1) exhibited
the highest weight gain and worst oxidation behaviour at 975 °C. After 100 hrs of exposure
in air the weight gain was 0.97 mg/cm? (Fig. 5.74 and Table 5.11). The additions of Ta and
Ta and Y (alloys EK2 and EK3 retrospectively) increased the oxidation resistance at 975
°C. The Hf and Hf and Si additions did not have such a dramatic effect on the oxidation
behaviour of the alloys EK4 and EKS. However, the simultaneous addition of Ta, Y, Hf
and Si increased significantly the oxidation resistance at 975 °C when compared with the
base alloy (EK1-AC).

After exposure of 100 hrs at 975 °C in air the weight gains of the alloys EK2 (Ta
present), EK3 (Ta and Y present), EK4 (Ta, Y and Hf present) and EKS5 (Ta, Y, Hf and Si
present) were 0.67, 0.36, 0.47 and 0.41 mg/cm?, respectively. There was no evidence of
oxide spallation during oxidation for any of the alloys (Fig. 5.2). The weight change curves
in Fig 5.74 showed that the Ta and Y containing alloy EK3 exhibited far better oxidation
resistance at 975 °C, compared with the Ta containing alloy EK2 and the base alloy EKI1.
The alloys EK3, EK4 and EKS had better oxidation resistance than EK1 and EK2, and
showed near identical oxidation during the initial oxidation, up to ~ 18 hrs. At 975 °C, the
n value (see Table 5.1) for the alloys EKI1, EK3 and EK4 would suggest parabolic

oxidation and the alloy EK2 showed faster than parabolic kinetic behaviour.
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Figure 5.74 Plot of parabolic rate constants k, of the alloys EK1-AC: Ni-20.4Co-21Cr-
16.4Al1, EK2-AC: Ni-20.1Co-19.8Cr-16.2A1-1.1Ta, EK3-AC: Ni-20.1C0-19.8Cr-16.2Al-
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1.1Ta-0.3Y, EK4-AC: Ni-20Co0-19.7Cr-16.1Al-1.1Ta-0.3Y-0.2Hf, EK5-AC: Ni-19.3Co-
19Cr15.6A1-1.1Ta-0.3Y-0.2Hf-3.5Si, at 975 °C as a function of time. Nominal alloy
compositions in at%. Alloys tested in the as cast condition. This figure shows the
development of the maximum values of the parabolic rate constant after 18 to 20 hours and
this corresponds to the time of development of the protective oxide layer. After this, a drop

in the oxidation rate is observed

Brumm and Grabke (1992) suggested that in alumina-forming alloys, the case with the
alloys in this project, fast growing transient aluminas like y-Al,O3 and 0-Al,O3 transform
to slow growing a-Al,Os; and the latter controls the oxidation rate in the final stages. The
fact that fast growing metastable aluminas cause a high oxidation rate in the early stages of

oxidation introduces a deviation to to the time axis and the rate law becomes:

(AW/A)? = kp(t+to) (5.3)

d(Aw/A)*/dt = kp (5.4)

When equation (5.3) is differentiated the differential yields the value of k; as a function of

time, equation (5.4). Thus, the k; can be plotted as a function of time, see Fig 5.74.

Table 5.11 Oxide scale thickness x, parabolic rate constant k, and parabolic rate growth kx.

The calculation of x assumed that the oxide scale is only alumina.

Alloy Parabolic growth Oxide scale Parabolic rate
code constant kx thickness constant
(cm?/sec) X (cm) kp g¥cm* = secl)
EK1 2.9%1012 1¥1073 2.6%¥10712
EK2 1.4%10°1 7#10 1.2%10"2
EK3 4.1%1071 3.8%10™ 3.6%10713
EK4 7¥10°13 5%104 6.1%¥10713
EKS 5.3%10713 4.4%10™ 4.6%10713
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According to Hindam and Whittle (1982), if the oxide scale is envisaged as a moving
grain boundary of fixed composition, then its boundaries follow a parabolic law and

x*=Deit=k«t (5.5) and

kp = [pA03*Wo2/Wano3]*kx  (5.6)

where x is the scale thickness, Defr is an effective diffusion coefficient and kx is the
parabolic growth constant in terms of scale thickness. The effective diffusion coefficient
Der is obtained from the gravimetric constant using the density of Al,O3 = 3.98 g/cm® and
the ratio of weight of oxygen in Al,O3 to weight of AlbO3 (3/2 Mo2/Manos = 0.235). The
calculated oxide thicknesses are given in Table 5.11 which shows that the oxide thickness
was highest for the base alloy and thinnest for the alloys EK3 and EKS. Figure 5.1 shows
that the oxidation rate constants of the alloys EK1 to EK5 changed with time from a high
value after about 20 h of oxidation to a lower one after 100 h. Indeed, for the alloy EK1 the
kp values changed from 6.2 1072 g*cm* *sec! at 15.5 h to 2.6 1012 g%/cm* *sec! at 100 h,
for the alloy EK2 the k, values changed from 2.7 10'? g*/cm* *sec! at 19 h to 1.2 1072
g’/cm* *sec! at 100 h, for the alloy EK3 the k, values changed from 7.8 10"® g%/cm* *sec!
at 21.7 h to 3.5 10""* g*/cm* *sec! at 100 h, for the alloy EK4 the k, values changed from
1.4 102 g%/cm* *sec! at 20 h to 6.2 10°!? g%/cm* *sec! at 100 h and for the alloy EKS5 the k,
values changed from 1.2 10712 g%/cm* *sec! at 17 h to 4.7 10713 g%/cm* *sec' at 100 h.

The Arrhenius plot of alumina formation on the intermetallic NiAl is shown in
figure 5.75 where the oxidation temperature used in this study is indicated by a vertical
line. All the aforementioned k; values fall between the data corresponding to the 6-Al203
and o-Al,Os suggesting the formation of transient aluminas and «-Al,Os, which is
consistent with the glancing angle XRD data for each alloy. Indeed the glancing angle
XRD data confirmed the presence of transient y-Al,O3 and 6-Al>O3 and stable a-Al,O3 Li
et al (2003) reported the formation of different aluminas on a Ni-30Cr-12AI1-0.3Y (wt%)
BC alloy with B-NiAl and traces of y-Nig in its microstructure. Furthermore Brumm and
Grabke (1992) reported formation of different aluminas on B-NiAl. According to Brumm
and Grabke in the early stages of oxidation (800 — 950°C), metastable oxides like y-Al>O3
grew. Later on, these oxides transformed to monoclinic 0-Al>Os that finally transformed to
a-Al>Os3 at higher temperatures > 950°C. A major difference between this work and Li et al
(2003) and Brumm and Grabke (1992) is that this work studied the oxidation of different
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alloys containing y-Niss, Y'-NizAl and B-NiAl and other phases in the alloys EK2, EK3,
EK4 and EKS5 with different volume fractions of y-Nig and B-NiAl, see Table 4.14. Thus,
this work would suggest the formation of transient aluminas and a-Al203 on MCrAlY type

bond coat alloys with 0.8 < [vol %] niss / [vol%] nia1 < 2.85.
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Figure 5.75 Arrhenius plot of the parabolic rate constants kp of NiAl oxidation [Brumm
and Grabke, 1992]. The vertical line at T= 1248 K indicates the oxidation temperature
used in this study.

Tables 5.12 and 5.13 respectively give the compositions of the B-NiAl and y-Nigs
phases in the as-cast condition and after oxidation (975 °C for 100 hrs) for the alloys EK1,
EK2, EK3, EK4 and EKS5. The data show that the y-Nigs and B-NiAl acted as the Al and Cr
reservoirs during oxidation. Similar data for y'-NizAl cannot be provided because accurate
chemical analysis of this phase could not be performed. The data in Table 5.12 also shows
significant reductions in the concentrations of Co, Ta, Y and Si in the NiAl phase after
oxidation while the data in Table 5.13 shows small changes in the concentrations of Co
and Cr in the yNis. However, compared with the NiAl, there was no consistent trend in the
changes of Co and Cr content in the solid solution after oxidation. The data in Tables 5.12
and 5.13 would thus suggest a prominent role for the NiAl phase during the oxidation of

the alloys EK1 to EKS. Furthermore, the alloy EK3 exhibited the lowest percentage

256



increase in Al in the NiAl, and the lowest [(Al/(Cr+Co)nia/(Al/(Cr+Co)ni)] ratio after

oxidation.
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Table 5.12 Average composition (at%) of the B-NiAl phase in the alloys EK1, EK2, EK3, EK4 and EKS in the as-cast condition (bulk) and
after oxidation (25 to 40 um below scale) at 975 °C for 100 hrs.

Alloy and condition Ni Co Cr Al Ta Y Hf Si
EK1-AC 43.7 13 12.6 30.7 - - - -
EK1-TGA 46.1 8.6 5 32.6 - - - -
EK2-AC 39.6 15.7 15 28.4 1.1 - - -
EK2-TGA 42.3 10.2 9.2 31 0.3 - - -
EK3-AC 42.4 14.4 10.6 30.9 1.6 0 - -
EK3-TGA 45.3 10.5 5.2 31.8 0.3 0.04 - -
EK4-AC 42.3 15.5 10.9 29.8 1.4 0 0 -
EK4-TGA 43.1 10.3 55 333 0.3 0 0 -
EKS-AC 40.8 14.1 11.4 26.7 0.6 0.5 0.3 6

EKS-TGA 43.5 10.2 6.5 30.3 0 0 0 1.8
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Table 5.13 Avergae composition (at%) of the y-Niss phase in the alloys EK1, EK2, EK3, EK4 and EKS in the as-cast (bulk) and after

oxidation (25 to 40 um below scale) at 975 °C for 100 hrs.

Alloy and condition Ni Co Cr Al Ta Y Hf Si
EK1-AC 42.5 214 20.5 15.7 - - - -
EK1-TGA 37.5 22.3 23.8 9 - - - -
EK2-AC 36.3 22.2 25.2 15.1 1.2 - - -
EK2-TGA 35.7 22.8 24.6 8.5 1.7 - - -
EK3-AC 40.6 22.5 19.3 15.8 1.4 0.2 - -
EK3-TGA 39 223 20.1 10.2 1.4 0 - -
EK4-AC 40.5 22.2 20.2 15.4 1.7 0 0 -
EK4-TGA 36.2 23.7 22.1 10.2 1.5 0 0 -

EKS-AC 37.1 21.8 233 10.9 1.1 0.2 0.1 53
EKS-TGA 37.5 21.1 20.9 8.4 1 0 0 3
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The data for the volume fractions of Niss and NiAl in the alloys would suggest that
the “best” oxidation behaviour as suggested by the oxidation rates at 100 h at 975 °C was
exhibited by the alloy that tended to form equal volume fractions of the two phases, i.e.,
the alloy EK3.

Hou (2003) re-evaluated data on parabolic oxidation rate constants of alumina
forming alloys that was compiled by Whittle and Hindam (1982) by making distinction of
the different types of alloys with/out RE additions. Hou’s figure is reproduced here as
figure 5.76.
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Figure 5.76 Parabolic rate constants from Hou (2003) and results from this work showing

the Al,O3 scale growth rate on different types of Fe, Ni and Pt based alloys.
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The data compiled by Hou shows scatter from study to study even for alloys of the same

composition. According to Hou, the presence of Cr in some alloys did not seem to make
any difference on oxidation rates. The rates of the alloys of this study fall in the upper
band of the data for the specific temperature of study.

This figure also shows that PtAl has the slowest oxidation rate, and that the alloys
of Fe and Ni oxidised up to 10 times faster compared with PtAl. When the effect of REs on
oxidation rates was considered by Hou for the alloys used by Whittle and Hindam in their
compilation of data, Hou found out that the result was a scatter band about 2 orders of
magnitude wide that showed no apparent effect of RE on scale growth rate, as was
concluded by Whittle and Hindam. This was attributed by Hou to differences in the
distribution and concentration of REs in the alloys, which are extremely critical for their
effectiveness in oxidation (see above). However, when Hou compared more recent data
with/out RE additions obtained by the same research group on the same type of alloy the

results showed consistent reduction of oxidation rate by the RE addition. This data from

Hou is shown in Table 5.14 with the data for the alloys of this study. The data in this table
shows that the “effectiveness” of RE addition(s) is compromised when the latter are in

synergy with a refractory metal (Ta in this case) or two REs are in synergy.

Table 5.14 Data for parabolic oxidation rate constant of phases and alloys with/out REs.

Phase or e kp without k, with RE
alloy Toxidation (°C) RE (g2 Jem®s) RE type (g2 Jem®s) Reference
Referenced
NiAl 1200 1.4+0.4 101 Hf, Y 8+4.1 102 in Hou
(2003)
NizAl 1200 7.1 1012 Y 4.3+3.1 102 | Hou (2003)
NiCrAl 1100 1.1 102 Hf, Y 45+2.1 10" | Hou (2003)
EK2 975 121012 +Hf 36107 ] ok
: (EK3)
EK2 975 121012 +HE+Y 6.1 10 this work
' (EK4)




Tawancy (1996) suggested that the addition of Si in certain BC alloys could
improve oxidation significantly. The data for the alloy EK5 does not support this and also
shows that alloying with Si increased the depth below the scale where internal oxidation
occurred.

With the addition of REs a significant amount of Al outward transport is reduced
[Hou 2003]. This is supported by the data in Table 5.13 which shows the composition of
the Niss in the alloys before and after oxidation. The data shows that the latter phase was
the main supplier of Al for the growth of the scale and that indeed the additions of Hf and
Y alone and in synergy had a positive effect on the concentration of Al in the Niss below
the substrate compared with the alloys EK1 and EK2 (the percentage reduction in the Al
concentration in the Nigs after oxidation was 22.9%, 33.7%, 35.4% in EKS5, EK4, EK3
compared with 43.7% and 42.7% in EK2 and EK1 respectively).

As discussed above, the oxidation of the alloys and thus the consumption of Al and
Cr from the precursor phases in the alloys was expected to modify the composition of the
substrate below the scale, which in turn could shift phase equilibria in different parts of the
phase diagram, induce phase transformations that could cause volume changes, which
could in turn affect both the growth of the scale and possibly lead to internal oxidation.
The characterisation of the microstructures sought to quantify the chemical composition(s)
of phase in these areas and also to find out whether “contamination” of the sub-(scale-
substrate) interface by interstitials (nitrogen and oxygen) had occurred.

The WDS studies confirmed the presence of alumina in the scales of all five alloys
and of chromia in the scale of EK2. As discussed above, alumina formation in all the
alloys was confirmed by GXRD, which also provided evidence for the existence of
chromia. The internal oxidation (IO) zones, which were formed below the scale, showed
changes in simple metal (Al, Si), transition metal (TM) and oxygen and nitrogen content.
All the 10s were rich in Al. The IO in EK2 was richer in Cr and Ni and leaner in N
compared with EK1. No nitrogen was analysed by WDS in the IOs formed in EK3, EK4
and EKS5 and no oxygen in the IO in EK1. In the alloy EKS5, the IO was leaner in Co, Cr
compared with EK2 and rich in Y compared with EK3 and EK4. The diffusion zone (DZ),

which were formed below the IO zones, were rich in Cr (in other words all the DZs were

rich in Cr and all the IOs were rich in Al). In all the DZs Nitrogen was present as well as
Co and in the DZs formed in EK2, EK3, EK4 and EK5 Ni was also analysed with its
concentration exhibiting opposite trends in EK3 and EK4 (higher in the former). The

concentrations of Al and oxygen in the DZ in EK4 were higher than in the other alloys.



New Ni rich phases were observed in the DZs of EK2, EK3 and EK4 that contained Al, Co
and Cr. In the substrate below the diffusion zone y and 7-NiszAl was observed in the alloys
EK2, EK3, EK4 and EKS5. In these phases and the B-NiAl that was observed in all five
alloys and the B-NiAl and 7y that were observed in EK1 the concentration of nitrogen was
around 5 to at% but that of oxygen was low (< 1 at%). This suggested that in all five alloys
the contamination by nitrogen extended below the DZs. Below the DZs in EK2 and EK3 a
Cr rich phase (identified as ¢ phase in the Tables 5.7 and 5.8) was formed. The ©
contained Co and was rich in Y in EK3. However, in the alloys EK4 and EKS5 the ¢ phase
was absent and instead a Ni rich phase with solubilities of Al, Co and Cr (identified as p
phase in Tables 5.9 and 5.10) was formed. The p phase contained nitrogen and
respectively was rich in Ta and Si, Ta and Y in the alloys EK4 and EKS. Formation of
other phases occurred in the NiAl in the alloys EK2 and EK3 and bright contrast
precipitates were observed below the DZ in EKS. The above data would thus suggest that
new phase equilibria was established in the alloys EK2 to EKS5 below the scale owing to
the consumption of Al and Cr to form the scale and the contamination by oxygen and
nitrogen. The aforementioned phases cannot be explained by existing phase equilibria data.
Only the phases B-NiAl, y-NisAl, y-Nis and Cr rich ¢ phase in EK2 can be accounted for
by the existing phase equilibria data for 975 °C, see figure 3.23 that shows thermodynamic

calculation for the two alloys.
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Chapter 6 — Conclusions and future work

6.1 Conclusions

In the research described in this thesis five NiCrCoAl based bond coat type alloys,

namely Ni-23Co-20Cr-8.5A1 (EK1), Ni-23Co-20Cr-8.5A1-4Ta (EK2), Ni-23Co-20Cr-
8.5A1-4Ta-0.6Y (EK3), Ni-23Co0-20Cr-8.5A1-4Ta-0.6Y-0.8Hf (EK4) and Ni-23Co-20Cr-
8.5A1-4Ta-0.6Y-0.8Hf-2Si (EKS5) (wt%), were studied in the as cast, heat treated (1200
°C) and oxidised (975 °C in air) conditions. The microstructures of the alloys EK1-EK5

determined by quantitative EDS analysis and XRD were as follows:

1.

The microstructure of the cast alloy EK1 consisted of the y-Nis and B-NiAl phases in
the cast and heat treated (1200 °C/48hrs) conditions with the two phases forming a
eutectic in the cast alloy.

The microstructure of the cast alloy EK2 consisted of the y-Nig and B-NiAl phases in
the cast and heat treated conditions (1200 °C/48hrs) with y + B eutectic and Ta rich
areas in the y-Nig in the cast ingot.

The microstructure of the cast alloy EK3 consisted of the y-Niss and B-NiAl phases and
an Y rich intermetallic and after the heat treatment (1200 °C/48hrs) of the former two
phases and MsY and MY intermetallics.

The microstructure of the cast alloy EK4 consisted of y-Nig and B-NiAl phases, a
eutectic formed of these phases and Y and Hf rich areas that exhibited white contrast
under BSE imaging. The same phases without the lamellar microstructure were present
after the heat treatment (1200 °C/48hrs) with the white contrast areas now being either
Hf or Y rich.

The microstructure of the cast alloy EK5 consisted of y-Nig and -NiAl phases and
white contrast areas that were rich in Si, Hf and Ta and grey contrast areas that were
rich in Si and Y. After the heat treatment (1200 °C/48hrs) the same phases were
present with the white contrast areas being richer in Ta, Hf and Si compared with the
cast condition. Furthermore there was severe microckracking in the microstructure and

evidence of internal oxidation.
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The phase equilibria that was “established” by the synergy of Ni-Co-Cr-Al in the alloy
EK1, namely the stable y-Niss and 3-NiAl phases, was not altered by the synergy of Ta
with Y, Ta, Y and Hf and Ta, Y, Hf and Si.

XRD and imaging in the SEM suggested the presence of y-NiszAl, the former
technique in all alloys and the latter in the alloys EK2-HT2, EK3-AC, EK3-HT?2, EKS5-
HT1 AND EKS5-HT2. The synergy of Ta with Y, Ta with Y and Hf and Ta with Y, Hf
and Si had an effect on the stability of y-NisAl and the y + B eutectic. The v + B
eutectic was not observed in the alloys EK3 and EKS, which would suggest that Y and
Si suppress its formation.

The synergy of Ta and Y and of Ta, Y and Si enhanced the stability of the y-NizAl,
according to the SEM data.

During solidification the formation of the y-Niss was accompanied by partitioning of
Al, Si and Ta to the melt; the only exception was the alloy EKS where the Ta
partitioned to the y-Nig rather than the melt.

The formation of the B-NiAl during solidification was accompanied by partitioning of
Co, Cr, Si and Ta to the melt and of Al to the -NiAl, with the data for Ta for the alloy
EK3 suggesting partitioning of Ta to the B-NiAlL

In the solidified microstructures the partitioning of Al and Co between the y-Nigs and
B-NiAl phases was not changed by the synergies of different alloying elements.

The partitioning of Cr to the y-Niss was increased by the synergy of Ta and Y and Ta,
Y and Si.

Alloying with Ta resulted to the highest Al + Cr and Cr contents in Nigs and NiAl in the
cast condition and this was maintained after the heat treatments.

The Al + Cr content in the Y + B eutectic was essentially the same in the three alloys
where the eutectic was formed but the Al/Cr ratio increased dramatically when the Ta
was in synergy with Hf.

Alloying with Ta had a dramatic effect on the volume fractions of the two main phases.
In the as cast condition the vol% of the 3-NiAl was higher than the vol% of the y-Nigs
in the alloys EK2 and EKS, suggesting that alloying with Y and Hf tends to favour the
v-Nigs rather than the -NiAl. There were changes in the vol% of the aforementioned
phases after the heat treatment, with the vol% of the B-NiAl increasing in all alloys.

The higher vol% of B-NiAl was still observed in the alloys EK2 and EKS.

265



16.

17.

18.

19.

20.

21.
22.

23

24.

25

26.

The reactive element addition(s) clearly had a beneficial effect on oxidation. The
oxidation of the alloys EK3, EK4 and EKS5 improved compared with that of the alloy
EKI.

With the addition of reactive elements a significant amount of Al outward transport
was reduced.

Alloying with Si did not improve the oxidation rate and increased the depth below the
scale where internal oxidation occurred.

The “effectiveness” of reactive elements was compromised when the latter were
simultaneously in synergy with Ta.

The Nig was the main supplier of Al for the growth of the scale.

The NiAl was the main supplier of Cr for the growth of the scale.

Overall, the “best” oxidation behaviour was exhibited by the alloy that tended to form

equal volume fractions of y-Niss and B-NiAl, i.e., the alloy EK3.

. Alumina, chromia, spinels and most likely AIN were present in the scales formed on

all the alloys. The GXRD confirmed the presence of transition aluminas and o-Al2Os.

The morphologies of the aluminas were consistent with those reported in the literature.

. The spallation and cracking of scales was attributed to the formation and

transformation(s) of transition aluminas to o-AlbO3 and the presence of reactive
elements in the alloys EK3 to EKS.

New phase equilibria was established in the alloys EK2 to EK5 below the scale owing
to the consumption of Al and Cr to form the scale and the contamination by oxygen

and nitrogen.

6.2 Suggestions for future work

One of the “problems” for understanding the performance of BC alloys is that with

no exception bond coats have been studied “in the prepared” condition, meaning the BC

was deposited on a specific substrate using a selected deposition technique and then the

BC/substrate system was given the “typical” heat treatment for the substrate. This means

that BC alloys have not been studied as solidified after deposition using a spray technique

(APS, LPPS, and HFOV) or vapour deposition technique (EBPVD etc). The latter

techniques are all non-equilibrium processes but there are differences between them (say
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LPPS and HVOF) and between the same technique depending on deposition parameters
(e.g., deposition distance, spray temperature, fraction liquid all of which (and other
parameters like the powder size distribution used for spray) have implications for the phase
transformations (L—S, S—S) occurring in the deposit). Furthermore, the “typical” heat
treatment almost certainly will be accompanied by inter-diffusion at the BC/substrate
interface, meaning that both BC and substrate will be “doped” with other elements and
thus the chances of “doping” oxides forming the scale are increased. Thus, future research
should aim to study the microstructures and properties of a selected BC alloy, say EK3, in
the as cast condition (cast using any “traditional” technique) and in the as sprayed
condition using powders of the same size distribution, same spray distance but with
spraying done using different technique(s), say APS, LPPS, HVOF.

Another area of interest, particularly from a physical metallurgy perspective, would
be to extent the microstructure characterisation work to detailed TEM studies of the BC
below the scale, in the areas where the microstructure of the substrate is affected by

contamination.
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