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Abstract
In load-following power plants it is necessary to adjust the electrical output to the demand
within adequate time. When a steam turbine is used in a load-following power plant the
availability of the plant is mainly limited by the thermal cycling behaviour of the steam
turbine. Thermal barrier coatings (TBCs) offer the potential to increase the operational
flexibility of steam turbines. When applied to a turbine, TBCs may alter the temperature
regime of components in a way that enables to shorten the start-up / shut-down procedure.
Such an improvement would make load-following steam power plants more flexible in terms
of electricity output.

In the present study the suitability of atmospheric plasma sprayed thermal barrier coating
systems for steam turbine applications was investigated. Coating systems consisted of a
metallic bondcoat for oxidation protection, a ceramic TBC for thermal insulation and a
metallic topcoat for erosion protection. The substrates on which the coatings were applied
were ferritic / martensitic 1%Cr and 10%Cr-steels and the Ni-base alloy Nimonic 80A. The
investigated bondcoats were Ni20Cr, Fe22Cr and a CoNiCrAlY coating. The TBCs consisted
of ZrO2/7wt%Y2O3. The topcoat was Ni20Cr. The coating systems were tested at ambient
pressure in Ar-50%H2O at 550 to 700°C for up to 10000h.
TBCs were found to be stable under the investigated conditions. The bondcoat microstructure
strongly depended on the plasma spraying parameters and particle size of the spraying
powder. On the ferritic / martensitic steels CoNiCrAlY coatings showed the best performance
during high temperature exposure. No cracks or delamination were observed. Submicrometer
thin, protective Al2O3 scales formed, which were found to prevent interdiffusion between the
bondcoat and the substrate material. Ni20Cr and Fe22Cr bondcoats showed more oxide
formation than CoNiCrAlY coatings. Also, interdiffusion with the substrate material occurred.
On the Nimonic 80A substrate only Ni20Cr and Fe22Cr bondcoats were investigated. The
Ni20Cr bondcoat showed best oxidation resistance and almost totally suppressed substrate
oxidation. No TBC damage or coating delamination was observed on Ni20Cr.

The Ni20Cr topcoats formed cracks propagating in the underlying ceramic thus causing
significant TBC damage. The reason for the crack formation are the mechanical stresses
which develop when the topcoats cool down to room temperature after plasma spraying.
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Elektrizitätsbedaft im Stromnetz anpassen. Bei der Verwendung von Dampfturbinen sind
dabei die Aufheiz- und Abkühlraten der Turbinen der limitierende Faktor. In diesem
Zusammenhang bieten Wärmedämmschichten die Möglichkeit, die Flexibilität der Turbinen
zu erhöhen. Wärmedämmschichten ermöglichen es, die thermische Belastung von
Komponenten zu steuern, um so die benötigte Zeit zum An- und Abfahren der Dampfturbine
zu verkürzen. Dadurch können Mittellastkraftwerke flexibler eingesetzt werden.

In der vorliegenden Arbeit wurden atmosphärisch gespritzte Wärmedämmschichten
hinsichtlich ihrer Eignung zum Einsatz in Dampfturbinen untersucht. Die Schichtsysteme
bestanden aus einer metallischen Haftvermittlerschicht für den Oxidationsschutz, einer
keramischen Wärmedämmschicht zur Verminderung der Wärmeleitfähigkeit und einer
metallischen Deckschicht als Erosionsschutz. Als Substratmaterial kamen ferritisch /
martensitische 1%Cr und 10%Cr-Stähle, sowie die Ni-Basislegierung Nimonic 80A zum
Einsatz. Die untersuchten Haftvermittlerschichten waren Ni20Cr, Fe22Cr und eine
CoNiCrAlY Legierung. Für die Wärmedämmschichten wurde ZrO2/7wt%Y2O3 verwendet,
für die Erosionsschutzschicht Ni20Cr. Die Auslagerung erfolgte bei Temperaturen im Bereich
von 550 bis 700°C für maximal 10000h bei Umgebungsdruck in Ar-50%H2O.
Es zeigte sich, dass die Wärmedämmschichten unter den untersuchten Bedingungen
langzeitstabil sind. Plasmaspritzparameter und Korngröße des Spritzpulvers haben deutlichen
Einfluß auf die Mikrostruktur der Haftvermittlerschichten. Für die Beschichtung der ferritisch
/ martensitischen Stähle war die CoNiCrAlY Schicht am besten geeignet. Es wurde keine
Delamination beobachtet und die Hochtemperaturauslagerung führte lediglich zur Bildung
sehr dünner Al2O3 Schichten, die eine effektive Diffusionbarriere zum Substratmaterial
darstellten. Im Gegensatz dazu zeigen die Ni20Cr und Fe22Cr Schichten deutlich mehr
Oxidbildung und auch Interdiffusion mit dem Substratmaterial. Auf Nimonic 80A wurden nur
Ni20Cr und Fe22Cr untersucht, wobei sich Ni20Cr als geeignetste Beschichtung herausstellte.

Das Aufbringen einer Erosionsschutzschicht führte durch Rissbildung zur Schädigung der
darunterliegenden Wärmedämmschicht. Die Ursache hierfür liegt darin begründet, dass beim
Abkühlen der Schicht nach dem Plasmaspritzen mechanische Spannungen auftreten.
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1. Introduction
For more than a century steam turbines have formed the backbone of industrial electricity
production. Today they are extensively used in coal-fired and atomic power plants for baseload coverage. In combination with gas turbines they are also employed in combined-cycle
power plants for intermediate load (load-following power plants) [Henkel-1]. Furthermore,
steam turbines are increasingly applied in the field of renewable energies for geothermal and
solar thermal power stations [Sakai-1, Siemens-1].
The ever increasing demand for electricity requires the continuous improvement of existing
steam turbine technology. The main focus of this development is to optimise the efficiency of
the energy conversion process, because this enables the production of more electricity with
the same amount of fuel, thus saving costs and raw materials. In recent years the need for
efficiency improvement of steam turbines has become more important since most steam
power plants are fossil-fired and emit large quantities of CO2. These emissions are directly
related to the fuel consumption and contribute to global warming. Moreover, CO2 emissions
will have unfavourable effects on future electricity production costs due to the emerging
necessity to implement expensive carbon capture and storage technologies and CO2 emission
trading.
The most appropriate way to increase the efficiency of steam turbines is to raise the steam
inlet temperature and pressure, with the former offering the greatest potentials. Currently,
state of the art steam turbines for fossil fuelled power plants operate at 610°C and 260bar with
a gross turbine efficiency of 49% and plant efficiencies of 35.5 to 42%. There are
developments under way to raise the steam parameters to 630°C and 300bar, with the final
goal of 760°C and 385bar by 2020. In the past decade, the increase from 560°C / 250bar to
600°C / 270bar resulted in an efficiency increase of 1.3%. [Leyzerovich-1, Dogan-1]
Higher thermal loads have multiple negative implications on the structural materials of the
turbine such as deteriorated mechanical properties and enhanced oxidation resulting in
reduced component lifetime. These problems can be countered by the application of
protective coatings. While metallic bondcoats improve the oxidation resistance of the turbine
materials, ceramic thermal barrier coatings (TBCs) can decrease the thermal load.
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In combined-cycle power plants the exhaust heat of a gas turbine is used to run a steam
turbine. These facilities are usually employed as load-following power plants and their
electrical output is continuously adapted to the electricity demand in the power grid.
Therefore, steam turbines in combined-cycle power plants more often undergo temperature
changes than turbines in coal fired plants. They also operate for time intervals of various
lengths. To run a combined-cycle power plant for intermediate load it is necessary to adjust
the electrical output to the demand within adequate time. This is limited by the thermal
cycling behaviour of the steam turbine. While gas turbines can be started-up and shut-down
within a few minutes, steam turbines mostly require much longer times for start-up. The time
consuming process to change the temperature of a steam turbine originates from the
differences in diameter, dimensions and shape of the turbine components such as casing,
rotor, blades and piping. Each of these components heats up at a different rate, thus causing
thermal expansion mismatches which can result in initiation of thermal stresses and strains.
Therefore, steam turbines require specific, potentially time-consuming heating and cooling
procedures when they undergo temperature changes. In this context, TBCs offer the potential
to increase the operational flexibility of steam turbines or even expand their field of
application. When applied to a turbine, TBCs may alter the temperature regime of
components in a way that enables to simplify and shorten the start-up / shut-down procedure.
Such an improvement would make combined-cycle power plants more flexible in terms of
electricity output. If the thermal cycling behaviour of combined-cycle power plants improves,
they might even potentially be used for peak-load coverage.
In the present thesis the suitability of ceramic thermal barrier coatings in steam environments
is being investigated. For this purpose the behaviour of TBC coated steel and a Ni-base alloy
in steam was studied in the temperature range 550 – 700°C. The studies included the
behaviour of the ceramic materials as well as that of metallic bondcoats and errosion resistant
metallic topcoats.
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2. State of knowledge
2.1 Thermal barrier coating systems
Today, thermal barrier coatings (TBCs) are routinely used in aero engines and industrial gas
turbines. They are applied to Ni-base superalloys to protect them against the high temperature
of the hot combustion gas (Fig. 2.1). The combination of internal air cooling and TBCs allows
gas turbines to run at gas temperatures that exceed the melting point of the superalloys. TBCs
usually consist of yttria-stabilised zirconia (ZrO2/Y2O3) because of its low thermal
conductivity of approximately 1W/mK. TBCs can be produced by EB-PVD or plasma
spraying. Coated turbine parts include blades, vanes and the combustion chamber. [Khan-1,

Hot gases

Air / steam cooling

Peters-1]

Temperature
Superalloy

MCrAlY
Bondcoat

ZrO2/Y2O3 thermal
barrier coating

Fig. 2.1: Schematic of a thermal barrier coating system for gas turbines
To enable good TBC adherence the superalloys are first coated with a bondcoat. The bondcoat
also protects the superalloy from oxidation and corrosion caused by reaction with the
combustion gas. Bondcoats are commonly applied by plasma spraying process. They usually
contain Ni, Co, Cr, Al and Y and are therefore also called MCrAlY coatings. Cr is used to
increase the corrosion resistance of the coating, especially against sulfidation. Al forms a thin,
slowly growing, protective Al2O3 scale along the interface of bondcoat and TBC upon high
3

temperature service. Y additions improve the adhesion of the Al2O3 scale to the bondcoat. The
lifetime of a bondcoat – and thus the lifetime of the whole coating system and the coated
component – strongly depends on the capability of the coating to sustain the growth of a
continuous, adherent Al2O3 scale. Continuous Al2O3 scales can only be formed as long as the
activity of Al is high enough to prevent the formation of rapidly growing Ni/Co-base oxide
scales. During service the Al reservoir of the bondcoat is depleted by oxidation (formation of
the Al2O3 scale) and interdiffusion with the Ni-base superalloy.

2.2 Atmospheric plasma spraying (APS)
Plasma spraying can be described as a process that generates and accelerates a plasma flame
using a powerful energy source (e.g. electric discharge). The coating material is injected into
the plasma as a powder which melts due to the high temperatures of the plasma. The molten
particles are carried forward due to the high velocity of the plasma flame. When impinging at
the substrate to be coated, the molten droplets rapidly solidify thus forming the coating layer
(Fig. 2.2) [Heimann-1].

Plasma jet

Anode

Cathode

Plasma
Gas

Coating

Carrier Gas + Spraying Powder

Substrate

Fig. 2.2: Illustration of the plasma spraying process [Bürgel-1]
In the case of an electric discharge as an energy source a direct current generates an arc
between the cathode and anode. The gas stream is dissociated and ionized in the arc due to
4

extraction of energy from the electric field. As a result the gas stream becomes an electrically
conductive plasma. After passing the arc the recombination of charge carriers produces high
amounts of thermal energy. The generated temperatures exceed 20000°C and result in strong
expansion and acceleration of the plasma. The spraying powder is injected into the plasma by
an inert carrier gas. The injection angle and pressure of the carrier gas are chosen in such a
way that the powder is transported into the central part of the plasma jet, which is also the
zone of maximum temperature. Inside the plasma jet thermal and kinetic energy transfer cause
the spraying powder to melt and to become accelerated when being transported in direction of
the substrate. The molten droplets impact at the material to be coated at high velocities
(several 100m/s) after a time of about 1ms. They spread and form pancake-like splats. These

splats are a typical characteristic for plasma sprayed coatings. The solidification of the splats
occurs immediately (within less than 1μs) at the cool substrate surface. There is no formation
of a molten pool as in welding operations. Therefore, plasma sprayed coatings are built up
particle by particle. [Bürgel-1, Heimann-1, Weng-1]
Plasma spraying can be carried out in different atmospheres (e.g. air, nitrogen or argon), at
ambient pressure or in vacuum. Atmospheric plasma spraying (APS) is carried out in air at
ambient pressure. At low pressure the process is called low pressure plasma spraying (LPPS)
or vacuum plasma spraying (VPS).

2.3 Fundamentals of oxidation
As mentioned in section 2.1, the main function of the MCrAlY bondcoat is to provide
oxidation protection to the metallic construction material. Metal oxides are compounds that
result from the reaction of oxygen with metals. The chemical reaction between a metal and
oxygen can be described as:
xM +

y
O ↔ MxOy
2 2
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(1)

An oxide is only formed if there is a thermodynamic driving force towards the right side of
the equation. This driving force is expressed by the Gibbs free energy ΔG. For the formation
of an oxide G can be calculated from:
G = G0 + RT * ln
G0

standard Gibbs free energy

R

ideal gas constant

T

temperature

a

activity

p

partial pressure

aMxOy
aMx pO2y/2

,

(2)

Taking into account that the activity of pure solids is 1, for an ideal gas the activity equals the
partial pressure, and that in thermodynamic equilibrium the Gibbs free energy is zero the
equation can be written as:
G0 = -RT * ln

1
,
aO2y/2

(3)

From this equation the oxygen partial pressure at which metal and oxygen are in
thermodynamic equilibrium can be derived. This specific partial pressure is also called the
dissociation pressure of an oxide and is plotted in the Ellingham / Richardson diagrams (Fig.
2.3). The diagrams additionally show the H2/H2O and CO/CO2 ratios in equilibrium with the
respective dissociation pressures.
The Ellingham / Richardson diagrams only describe the situation for reactants in
thermodynamic equilibrium. Once an oxide scale has formed it separates the metal from the
oxidising atmosphere, thus hindering establishing thermodynamic equilibrium. The oxide
formation is now controlled by the growth kinetics of the oxide, which strongly depend on the
intrinsic properties of the oxide scale. The processes governing the growth of an oxide scale
are the diffusion of metal ions, oxygen ions, electrons and vacancies through the oxide scale.
Wagner developed a theory about the scale formation on metals that is schematically
illustrated in Fig. 2.4 [Wagner-1].

6

Fig. 2.3: Standard free energy of formation of selected oxides as a function of temperature
(Ellingham / Richardson diagram) [Birks-1]

7

Fig. 2.4: Schematic illustration of scale formation according to Wagner’s model [Birks-1]
Wagner assumed that a compact, perfectly adherent oxide scale is present and that its growth
is governed by the diffusion of the reactants. Hence, local thermodynamic equilibrium exists
at the interface of the oxide with the gas as well as at the interface of the scale and the metal
surface. Between both interfaces Fick’s first law describes the flux of ions (j). Assuming that
cationic transport across the growing oxide layer controls the rate of scaling and that
thermodynamic equilibrium is established at each interface, the process can be analysed as
follows. The outward cation flux, jM2+, is equal and opposite to the inward flux of cation
defects (vacancies), jVM . Thus, jM2+ can be expressed as:
jM2+ = -jVM = DVM

C’’V M – C’V M
x

x

oxide thickness

DVM

diffusion coefficient for cation vacancies

C’VM

vacancy concentration at the scale-metal interface

C’’VM vacancy concentration at the scale-gas interface
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(4)

Since there is thermodynamic equilibrium at each interface, the value of (C’’VM – C’VM ) is
constant and we have:
jM2+ =
Vox

C’’V M – C’V M
1 dx
= DV M
x
Vox dt

(5)

molar volume of the oxide

I.e., the rate of oxide thickening is:
k’
dx
=
x
dt

where k’ = DVM Vox (C’’VM – C’VM )

(6)

Integrating and noting that x = 0 at t = 0 we obtain:
x2 = 2k’ t

(7)

which is the common parabolic rate law. [Birks-1]
If a metal forms more than one oxide the diffusion processes governing the scale formation
become more complex. Iron for example can form three oxides, i.e. hematite (Fe2O3),
magnetite (Fe3O4) and wustite (FeO, only stable above 570°C). The oxide with the highest
iron / oxygen ratio is always the one that is in contact with the metal, while the oxide with the
lowest iron / oxygen ratio is found in the outermost part of the scale. If all three oxides are
present in the scale the oxide arrangement in the layer in direction of the oxide / gas interface
is FeO - Fe3O4 - Fe2O3. The growth of the wustite and magnetite scale occurs via outward
cation diffusion, whereas in hematite both cation and anion transport occurs. (Fig. 2.5).
[Birks-1, Davies-1, Himmel-1, Khanna-1]
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Fig. 2.5: Mechanism of oxidation of iron showing the diffusion of various ionic species
[Khanna-1]
When chromium is added to iron the resulting alloy shows a different scaling behaviour than
pure iron. There are two more oxides that can form, i.e. chromia (Cr2O3) and Fe-Cr spinel
((Fe,Cr)3O4). The Cr content of the alloy, oxidation time, temperature and atmosphere govern
the composition and structure of the scale. Alloys with low Cr concentrations form
discontinuous Fe-Cr spinel scales and Fe-oxides. The presence of Fe-Cr spinel slows down
the outward diffusion of iron ions and thus decreases the oxidation rate of the alloy. At higher
Cr concentrations, alloys develop a more protective continuous spinel scale. If the Cr content
of the alloy is high enough a Cr2O3 scale is formed, which possesses a substantially smaller
growth rate than the Fe-base oxides. The specific Cr content necessary to form a certain type
of scale is temperature dependent. In Fig. 2.6 the scaling behaviour of Fe-Cr alloys at 1000°C
is illustrated.
The selective oxidation of Cr in form of a protective external scale is only possible because
the element exhibits a stronger affinity to oxygen than Fe. The process only occurs if the Cr
content is sufficiently high to sustain a high Cr flux in the alloy towards the surface. At lower
concentrations the Cr will tend to react with oxygen dissolved in the alloy beneath the Fe-base
oxide layer. This process is also called internal oxidation. It occurs because the oxygen
activity in the alloy in the vicinity of the external scale of the more noble base element oxide
(e.g. Fe in FeCr alloys or Ni in NiCr alloys) is higher than the equilibrium oxygen activity
required for chromia formation (see Fig. 2.3). A schematic of the selective oxidation of dilute
Ni-Cr alloys is given in Fig. 2.7. Here, the Cr2O3 forms, because of its low dissociation
10

pressure, internally beneath the external scale of the thermodynamically less stable NiO.
Upon further exposure the internal oxide particles become embedded in the inwardly growing
NiO scale, where they react to form a mixed Ni/Cr spinel phase. Similar processes occur
during oxidation of e.g. FeCr- and CoCr-base alloys.

Fig. 2.6: Schematic of the influence of Cr on the scaling behaviour of Fe-Cr alloys at 1000°C
[Wright-1]

Fig. 2.7: Schematic diagram of the oxidation morphology of dilute Ni-Cr alloys [Birks-1]
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3. Aim of the present investigation
One possibility to enhance the efficiency of steam turbines consists of increasing the steam
inlet temperature. However, this also results in increased thermal loads for piping, blades,
casing, rotor and other components in the turbine. As a consequence, the creep strength of the
material decreases while at the same time the oxidation rate increases. Both effects can be
alleviated by applying protective coatings. Metallic bondcoats can increase the oxidation
resistance of the substrate material by separating it from the corrosive atmosphere. The
temperature of a component can be lowered by a combination of cooling and the application
of a TBC.
The aim of the present study is to investigate the behaviour of atmospheric plasma sprayed
ceramic TBCs and metallic bondcoats in environments simulating the service conditions in
steam turbines. Experiments were focused on examining fundamental aspects of coating
behaviour such as oxidation, interdiffusion and coating damage. Comparison of the different
coatings was performed to assess which coatings are most suitable for steam turbine
applications. To achieve these goals oxidation tests were carried out at 550 / 600 / 650 /
700°C in Ar-50%H2O for up to 10000h. In addition, thermoshock and pressure drop tests
were performed to simulate the conditions, which occur during the emergency shut-down of a
turbine.
A number of alloys with different compositions, representing different material classes
commonly employed for steam turbine components, were used for the experiments. Ferritic /
martensitic 1% and 10%Cr-steels as well as a Ni base alloy were chosen as substrate
materials. The bondcoats included Fe- and Ni-base Cr2O3 forming materials and an Al2O3
forming CoNiCrAlY type coating. For the TBCs the well established yttria stabilised zirconia
was employed.
The samples were primarily characterised by preparing cross-sections, which were
subsequently examined using light optical and electron microscopy. Furthermore, the coatings
were investigated by X-ray diffraction. The results of these investigations were compared
with thermodynamic equilibrium calculations, phase diagrams and literature data. Finally, the
thermal conductivity of atmospheric plasma sprayed yttria stabilised zirconia was determined.
This was done using the laser flash method in combination with heat capacity measurements.
12

4. Experimental
4.1 Materials
Substrate materials
The substrate alloys used for coated samples were ferritic / martensitic steels of the type
1CrMo and 10CrMo and the Ni-base alloy Nimonic 80A. The ferritic / martensitic steels are
creep-resistant materials commonly used in conventional and more advanced steam turbines.
Nimonic 80A is a wrought Ni-base alloy typically used for gas turbine components and is
presently being considered as construction material in steam turbines with substantially
increased steam temperatures. All alloys were provided by a commercial supplier. Material
compositions are given in table 4.1.
Element
Fe
Ni
Cr
Mo
Al
Ti
C
N

1%Cr-steel
bal
0.1
1.3
1
0.004
0.003
0.17
-

10%Cr-steel
bal
0.8
10.3
1
0.008
0.12
< 0.1

Nimonic 80A
0.34
bal
19.8
1.8
2.5
0.06
-

Table 4.1: Chemical compositions of substrate alloys in wt%
Coatings
The metallic coatings were manufactured using the alloy powders Ni20Cr, Fe22Cr and a
CoNiCrAlY. For Ni20Cr coatings, two spraying powders with identical chemical composition
differing only in grain size were applied. The ceramic coatings were manufactured using
yttria-stabilised zirconia (ZrO2/Y2O3). Tables 4.2 and 4.3 show the chemical compositions
and grain size distribution of the used spraying powders.
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Element
Fe
Ni
Co
Cr
Mn
Si
Al
Ti
La
C
N
S
Y2 O3
ZrO2
HfO2
CaO

Ni20Cr
0.2
bal
19.6
0.8
1.2
0.02
0.001
-

Fe22Cr
bal
22.3
0.48
0.16
0.31
0.34
0.008
0.006
0.002
-

CoNiCrAlY
30
bal
28
<1
8
-

ZrO2/Y2O3
0.03 (Fe2O3)
0.1 (SiO2)
0.15 (Al2O3)
0.09 (TiO2)
7.72
bal
1.84
0.03

Table 4.2: Chemical compositions of spraying powders in wt%
Material
Ni20Cr (fine-grained)
Ni20Cr (coarse-grained)
Fe22Cr
CoNiCrAlY
ZrO2/Y2O3

Grain-size [µm]
-22 +11
-106 +45
-53 +22
-106 +45
-125 +45

Table 4.3: Grain-size of spraying powders in µm showing maximum and minimum grain size
of powder particles
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4.2 Sample preparation
For most of the experiments subsequently described, samples were specifically designed to
match both the limitations of the experimental setup and the parameters to be investigated. In
some cases such semi-finished material was not available, so already existing specimens had
to be remanufactured for the particular purpose. The materials used for sample manufacture
are described in detail in chapter 4.1.
Samples for long-term oxidation tests
Two types of samples (type I and II) were developed because two different testing facilities
were employed for the oxidation experiments. In addition, the numerous parameters to be
investigated also required different sample characteristics.
Type I samples had dimensions 45*20*8mm (Fig. 4.1a). Base materials for all specimens
were the ferritic / martensitic 1%Cr-steel, the ferritic / martensitic 10%Cr-steel or the Ni-base
alloy Nimonic 80A. After grit blasting (all but front sides), the specimens were coated by
atmospheric plasma spraying (APS) with either Ni20Cr, Fe22Cr or CoNiCrAlY. These 150 to
250µm thick coatings acted as a bondcoat. Subsequently, two 35*20mm ZrO2/7wt%Y2O3
TBCs were applied to opposite faces of the specimens (Fig. 4.1b). One of these atmospheric
plasma sprayed TBCs was manufactured as a 1mm, the other one as a 2mm thick layer. In
addition, some samples received a metallic erosion resistant APS topcoat of 150µm thick
Ni20Cr (Fig. 4.1c). TBCs were sprayed at a 90° angle to the specimen side to be coated.
Bond- and topcoats were sprayed while samples rotated along their longitudinal axis. After
plasma spraying no additional heat treatment of the coated samples occurred.
(a)

(b)
TBC

(c)
Bondcoat

Topcoat

8

20

45
Fig. 4.1: Schematic illustration of the shape of type I samples for long-term oxidation
experiments; (a) blank; (b) sample with 150 to 250µm bondcoat and 1 or 2mm TBC; (c)
sample with bondcoat, TBC and 150µm metallic topcoat
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Type II samples had dimensions of 20*10*6mm (Fig.

6

4.2a). Blanks consisted of the ferritic / martensitic 1%

(a)

(b)

and 10%Cr-steels and had a 2mm drilled hole for
blasting was carried out on all but the front faces.
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suspension during the oxidation experiment. Grit
Subsequently, the grit blasted surfaces were coated
with a 150 to 250µm bondcoat of either Ni20Cr,
Fe22Cr or NiCoCrAlY. Finally, samples received a

10

TBC

Bondcoat

1mm thick ZrO2/7wt%Y2O3 layer (Fig. 4.2b). All

Fig. 4.2: Type II sample for long-

coatings

term oxidation tests; (a) blank; (b)

were

manufactured

by

APS.

While

bondcoats were sprayed on rotating samples, TBCs

sample

with

150

to

were applied to fixed specimens at an angle of 45°.

bondcoat and 1mm TBC

250µm

Samples for thermal diffusivity measurements
The specimens consisted of ZrO2/7wt%Y2O3 and were manufactured from plasma sprayed
TBCs. These coatings were sprayed on the front face of steel rods. In order to get pure
ceramic samples, the metallic substrate was removed by cutting and grinding. The samples
obtained were disc shaped, 10mm in diameter and 1 or 2mm in thickness. Before the thermal
diffusivity measurement, the top sides of the specimens received a graphite sputter coating to
improve heat transfer during the laser flash measurement.
Samples for heat capacity measurements
Material and manufacture of samples were identical to those described above for the thermal
diffusivity samples. The final dimensions of the specimens were 5mm in diameter and 1mm
in thickness. In contrast to the thermal diffusivity samples, no graphite coating was applied.
Samples for pressure drop tests
Samples tested in the pressure drop experiments had originally been designed for long-term
oxidation tests. The manufacturing was identical to type I samples (see above). The material
combination was 1%Cr-steel substrate + Ni20Cr bondcoat + ZrO2/7wt%Y2O3 TBC. One of
the tested specimens additionally had a Ni20Cr topcoat.
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Samples for thermoshock experiments
The thermoshock tested samples had primarily been designed for long-term oxidation tests.
Manufacturing was identical to type I samples (see above). The used material combination
was 1%Cr-steel substrate + Ni20Cr bondcoat + ZrO2/7wt%Y2O3 TBC + Ni20Cr topcoat. Two
batches were produced. One with topcoats made of fine-grained Ni20Cr powder, the other one
with topcoats made of coarse-grained powder.

4.3 Long-term oxidation tests
To identify and assess the various effects of steam oxidation and material interaction on the
coated samples at elevated temperatures, numerous long-term oxidation tests were carried out.
Two types of furnaces with different designs were employed. In both type of facilities Ar50%H2O was used as test atmosphere to simulate conditions comparable to those in a steam
turbine. The gas pressure during the experiments was 1bar. Test temperatures of 550, 600,
650 and 700°C matched those in currently operating or future steam power plants. The
exposure times of the samples were 1000, 3000 and 10000h respectively. The complete list of
long-term oxidation experiments is given in chapter 5.2.
The first type of furnace was employed for oxidation testing of the relatively small and light
samples of type II (20*10*8mm). Specimens were placed in silica sample holders (Fig. 4.3)
and heated up in a vertical furnace in dry Ar. After reaching the desired test temperature,
samples were isothermally exposed to an Ar-50%H2O gas stream.
The second type of furnace design employed for long-term oxidation experiments is
characterised by a horizontal SiO2 tube in which the larger and heavier samples of type I
(45*20*8mm) were placed on silica plates (Fig. 4.4). These facilities ran continuously and
specimens were introduced / removed directly into / from the hot gas stream.
After finishing the oxidation experiment, samples were photographed and characterised by Xray diffraction. Specimens were then cut into halves. One piece was retained while the other
one was used to prepare metallographic cross-sections. Preparation included mounting in
epoxy resin (vacuum impregnation), grinding, polishing and in a few cases etching. Crosssections were characterised by optical and scanning electron microscopy (SEM).
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Samples

Gas flow direction

Heating

Furnace
reaction tube
Silica plate

Furnace
tube

Samples

Fig. 4.3: Scheme of furnace setup for

Fig. 4.4: Scheme of furnace setup for

oxidation experiments of type II samples

oxidation experiments of type I samples

4.4 Thermal conductivity measurements
The thermal conductivity  is a material-specific, temperature-dependent physical property
that cannot be measured directly but can be derived from:
(T) = (T) * cp(T) * (T)


thermal diffusivity (temperature dependent)

cp

heat capacity (temperature dependent)



density (temperature dependent)

 was measured using a laser flash equipment (THETA Industries, Port Washington, N.Y.,
USA). Samples were investigated in vacuum in the temperature range of 20 to 800°C. The
experiments were carried out during heating up, while collecting data (2 to 6 values) each
100K.
cp was measured using a DSC 404 Pegasus (NETZSCH-Gerätebau, Selb, Germany). The
experiments were carried out in Ar atmosphere in the temperature range of 50 to 800°C.
Samples were investigated during heating up with measurement intervals of 10K.
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 values were calculated from literature data [PDF-1, Touloukian-1].

4.5 Pressure drop tests
Pressure drop experiments were carried out to investigate the effect of a sudden pressure drop
to ceramic coatings with gas-filled pores. These tests are intended to simulate the conditions
inside a steam turbine during emergency shut-down.
Because the available testing facility did not allow working with hot pressurized steam, the
atmosphere used was helium. Helium was regarded the best alternative to water vapour since
its viscosity is close to that of steam in the temperature range around 600°C (Fig. 4.5).
60
60

He at 100 to 500bar
H2O at 350bar

in 10-6 Ns/m2

50
50

H2O at 250bar

40
40

30
30

20
20

2200
00

3300
00

4400
00

5500
00

6600
00

7700
00

800
800

Temperature in °C
Fig. 4.5: Comparison of the viscosity  of steam [Haar-1] and helium [Stephan-1] at different
temperatures and pressures
The pressure drop experiments were carried out in an autoclave, which consisted of a stainless
steel tube with a removable flange on the topside (Fig. 4.6). A plug welded in the tube sealed
the other tube side. The autoclave was placed inside an electrical heating coil and equipped
with several thermocouples. The inside was filled with samples and Al2O3 cylinders (Fig.
4.7). These inert ceramic fillers should minimize the gas content of the tube and in
consequence maximize pressure gradients during venting. Gas in- and outlet were controlled
by a valve on the autoclave topside to which also a pressure gauge was attached.
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Experiments started with loading the autoclave. After placing both samples and the Al2O3
fillers inside the tube the flange was installed. Next, the autoclave was connected to the
helium supply and filled to maximum gas pressure. With closed valve, the tube was heated up
to 600°C and kept at temperature for a few minutes. While the hot helium expanded, its
pressure was controlled to a maximum of 170bar. At a point when no further pressure
increase inside the autoclave occurred, the whole apparatus was at a constant temperature of
600°C. The outlet valve was opened and the internal pressure dropped to ambient pressure
within less than two seconds. Then, the sequence started again with filling helium into the
tube.
Each five runs the autoclave was shut down for inspection and sampling. From both
specimens a piece was cut and coatings were investigated by metallography. After a total of
30 runs the experiment finished.

10cm
Fig. 4.6: Picture of the autoclave tube with attached thermocouples

Valve + pressure gauge
Removable flange
Al2O3 fillers
Thermocouples
Samples
Autoclave tube
Heating coil

Fig. 4.7: Schematic of the pressure drop experiment setup
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4.6 Thermoshock experiments
For two reasons thermoshock tests were carried out. First, based on the results of the pressure
drop experiments it was considered necessary to investigate the pure thermal /
thermomechanical effect of heating up and cooling down on coated samples. Secondly, it was
not known which consequences arise from the situation that a water-filled porous coating is
exposed to sudden temperature increase – a scenario that might occur during steam turbine
startup. Both experiments were carried out using the type of samples described in chapter 4.2.
For each experiment two specimens with different topcoats were tested. One specimen had a
topcoat manufactured using fine-grained Ni20Cr spraying powder, whereas the topcoat of the
second specimen was sprayed of coarse-grained spraying powder.
The main intention of the thermoshock experiments was to assess the effect of a rapid
temperature increase to plasma sprayed coating systems consisting of substrate, bondcoat,
TBC and topcoat. Therefore, the thermoshock experiment started with introducing the cold
samples to a 600°C hot furnace (air atmosphere). After ten minutes the samples were removed
from the furnace and slowly cooled down in ambient air within 25 minutes to approximately
50°C. This thermocycle was repeated 30 times before the experiment finished and samples
were investigated by metallography.
The second type of thermoshock test employed a slightly different experimental procedure.
Before introducing the specimens to the 600°C hot furnace, they were soaked in water. To
enable maximum liquid penetration, the samples were immersed in water and subjected to
low pressure (approximately 10-3bar) for one minute. The subsequent testing procedure was
identical to the one described above. After the samples cooled down to approximately 50°C
the water soaking was repeated before the samples were put in the hot furnace again.
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5. Results and discussion
5.1 Coatings in the as-received condition
The application of TBCs in steam turbines requires the development of an entire coating
system including bondcoat and topcoat. Bondcoats are applied to improve the oxidation
resistance of the substrate by creating a barrier against the attack of corrosive atmospheres.
Furthermore, introducing an intermediate layer between substrate and TBC should optimise
TBC adherence. The latter is possible because bondcoats provide the rough surface
morphology necessary to obtain bonding of the TBC. In contrast, metallic topcoats are
introduced to protect the TBCs against erosion caused by solid particles transported by the
flowing steam in the turbine. Inside steam turbines, TBCs are exposed to erosion caused by
spalled oxide scales from the boiler or steam piping. This abrasion leads to a reduction of
TBC thickness and thus to increased thermal loads of the underlying bondcoat and turbine
casing. To enable long-term operation the ceramic TBCs have to be protected by an
appropriate topcoat in locations, which are specifically subjected to particle erosion. If the
eroding particles strike the coating perpendicular then ductile topcoats provide best erosion
protection. At a low impact angle hard, less ductile topcoats perform best. The topcoat also
has to possess a suitable oxidation resistance. For the present investigations it was decided to
apply Ni20Cr, which was also used as one of the bondcoat materials.
Considering manufacture of coatings, one of the first issues to be discussed is reproducibility.
Along with coating quality it is a decisive factor for the suitability of the chosen
manufacturing technology. In the present case this important topic was investigated by
examining coatings in as-received condition. The documentation of the as-sprayed condition
was also essential to assess the effects of the oxidation experiments on coated samples.
Only cost-effective, commercially available spraying powders were used that had already
been successfully tested in other high temperature applications.
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5.1.1 Thermal barrier coatings (TBCs)
The thermal barrier coatings consisted of ZrO2/7wt%Y2O3 deposited by atmospheric plasma
spraying (APS). The material was chosen since it has been used for heat insulation in gas
turbines for more than 20 years. It is known to have a low thermal conductivity and long-term
stability even at high temperatures.
Coatings were deposited at a 45° or 90° angle to the surface to be coated and amounted to 1 or
2mm thickness. The as-sprayed condition of TBCs is documented in Fig. 5.1 showing crosssections for the perpendicular (a, c and e) and oblique (b, d and f) deposited coatings
respectively. The as-received ceramic coatings showed the typical appearance of plasma
sprayed ZrO2/7wt%Y2O3. The colour of the material was pale yellow to light grey. The TBC
microstructure exhibited open porosity and micro cracks. Neither unmelted spraying particles
nor any macroscopic defects such as segmentation cracks or spallation were observed (Fig.
5.1a-d).
Porosity determined by image analysis was found to be 14.0 ± 2.4% (n=120) for
perpendicular and 14.6 ± 2.8% (n=10) for oblique-sprayed coatings. Pores were distributed
evenly and sample cross-sections revealed no difference in TBC structure related to the
spraying angle (Fig. 5.1a, b).
TBC thicknesses measured on sample cross-sections are given in table 5.1. Values were
derived from specimens of different batches manufactured within a time period of two years.
All coatings exhibit constant thicknesses with small standard deviations due to surface
roughness variations. The values differ slightly from the nominal thickness with coatings
being up to 9% thicker than originally specified. Again, no irregularities related to the
spraying angle were observed.
Nominal thickness
Spraying angle
Coating thickness

1mm
45°
1.09 ± 0.06 (n=12)

90°
1.05 ± 0.04 (n=10)

2mm
90°
2.02 ± 0.07 (n=8)

Table 5.1: Thickness of atmospheric plasma sprayed ZrO2/7wt%Y2O3 thermal barrier coatings
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(a)

(b)

TBC

TBC

BC

BC

Ferritic / martensitic steel

Ferritic / martensitic steel

(c)

(d)

TBC

TBC

(e)
TBC

(f)
TBC

BC

BC

Ferritic / martensitic steel

Ferritic / martensitic steel

Fig. 5.1: Cross-sections of atmospheric plasma sprayed ZrO2/7wt%Y2O3 thermal barrier
coatings in the as-sprayed condition; (a, c and e) deposited at a 90° and (b, d and f) at a 45°
angle
The bonding between TBC and bondcoat appeared to be excellent as can be seen from Fig.
5.1e, f. No cracks or spallation emerged along the interface of both coatings. The roughness
and sharp-edged morphology of the bondcoat provided good mechanical adherence of the
TBC. Despite the rough bondcoat surface no shading effect of bondcoat peaks during plasma
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spraying of TBCs occurred. Such shading was believed to result in an increased number and
size of pores along the interface next to bondcoat peaks, especially in case of the oblique
deposited coatings. The absence of those detrimental structures is revealed by Fig. 5.1f,
showing a TBC sprayed at a 45° angle to one of the roughest bondcoats. Comparison to a
perpendicular deposited TBC as presented in Fig. 5.1e again illustrates the uniformity of both
coatings.
The phase composition of APS TBCs in the as-received condition was investigated by X-ray
diffraction (XRD). The coatings consisted of pure tetragonal-prime phase (t’-phase), as
illustrated in Fig. 5.2. Differentiation between t and t’-phase which exhibit very similar XRD
patterns was achieved by structure refinement. The t’-phase is a metastable compound which
is absent in the ZrO2-Y2O3 phase diagram (Fig. 5.3). For the given composition of
ZrO2/7wt%Y2O3 the equilibrium phases between 600 and 1500°C are the low-Y2O3 tetragonal
phase and the Y2O3-rich cubic phase. In spite of its metastable state the t’-phase is considered
as the standard phase in plasma sprayed yttria stabilized zirconia [Khan-1, Lughi-1]. Its
occurrence in the investigated material is associated to the APS process, namely its high
deposition temperatures and quenching rates. During the coating process the plasma causes
the spraying powder to melt. Subsequently, the resulting droplets solidify on the sample
surface within microseconds [Heimann-1] and rapidly cool down. This quenching prevents
the material from reaching thermodynamic equilibrium and the coating remains in a
metastable state. Furthermore, the t’-phase is known to have a high activation energy for
phase transformations which makes it long term stable even at temperatures up to 1200°C
[Lughi-1].
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Fig. 5.2: X-ray diffraction pattern of an atmospheric plasma sprayed ZrO2/7wt%Y2O3 thermal
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barrier coating in the as-sprayed condition

Fig. 5.3: Phase diagram of the system ZrO2-Y2O3 [Roth-1]
The results presented in this chapter illustrate that the used spraying method allows the
manufacturing of coatings of high quality. The coatings exhibit a uniform structure, excellent
adherence and no cracks. Spraying angles of 90° to 45° to the surface to be coated were found
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to be suitable without significantly influencing the TBC characteristics. The laterally constant
thickness and porosity of coatings of different batches exhibited good reproducibility and
control of the manufacturing technology. The phase composition of the coatings agrees with
literature data as the t’–phase is predominant. The uniform appearance of perpendicular and
oblique-sprayed coatings allowed for the conclusion to perform both coatings in parallel.
Therefore, in the following, no further differentiation between perpendicular and obliquesprayed TBC samples will be made.

5.1.2 Ni20Cr bondcoats
Ni20Cr was chosen as coating material since it possesses excellent oxidation resistance and
was in previous studies found to exhibit good compatibility with steel substrates [Durham-1].
All Ni20Cr coatings were prepared by APS. The average surface roughness was Ra = 12.1 
1.9µm (n=19) and enabled excellent TBC adherence as can be seen in Fig. 5.4a and b. Also
the bondcoat / substrate interface shows similarly positive characteristics (Fig. 5.4a and c) and
only minor defects, e.g. Al2O3 particles are present (Fig. 5.4b) which originate from the grit
blasting of the substrate prior to APS. Furthermore, few small-scale irregularities attributed to
unmelted spraying particles occur along the interface as is documented in Fig. 5.4d.
Bondcoat thicknesses measured on sample cross-sections revealed 221  27µm (n=32)
compared to a specified value of maximum 250µm. The microstructure of the investigated
Ni20Cr bondcoats is uniform as is apparent from Fig 5.4 and 5.5. These sample cross-sections
reveal the typical appearance and microstructure of atmospheric plasma sprayed metallic
coatings. Numerous layers of pancake-like splats interspersed with partially molten particles,
pores and oxide films are present in the bondcoat. As shown in Fig. 5.5 the adhesion between
single splats was partly affected by micrometer thin oxide films and pores.
The oxides in the bondcoats result from the APS process that enabled oxygen to react at
elevated temperatures with alloying elements. The oxide compositions vary significantly (Fig.
5.5) and include all mayor alloying elements as well as trace elements. The amounts of Si and
Mn in the oxide phases are locally enriched to a factor of 7 and 4 respectively compared to the
initial alloy composition. The phase determination of the oxides by EDX appeared to be
difficult because the oxide phase occurred only in minor amounts thereby exhibiting only
small particle sizes. This was reflected by the results of XRD, which possesses a detection
27

limit of 3 to 5% but failed to detect any crystalline phases different from those of the -Nimatrix and yttria stabilised zirconia resulting from overspraying (Fig. 5.6).
(a)

(b)

TBC

TBC

Ni20Cr

Ni20Cr

Ferritic / martensitic steel

Ferritic /
martensitic steel

(c)

Al2O3 grains

(d)
Unmelted
spraying
particle

Ni20Cr

Ni20Cr

Ferritic / martensitic steel

Gap

Ferritic / martensitic steel

Fig. 5.4: Cross-sections of atmospheric plasma sprayed Ni20Cr bondcoats in the as-sprayed
condition
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Fig. 5.5: Backscattered electron image of a cross-sectioned atmospheric plasma sprayed
Ni20Cr coating in the as-sprayed condition; data of EDX measurements in wt%
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According to the XRD pattern presented in Fig. 5.6 the as-received APS Ni20Cr bondcoats
exhibit a single-phase composition. Small amounts of TBC material measured by XRD are
related to so-called over-spray, which is ZrO2/7wt%Y2O3, which during APS, was deposited
on the backside of the sample where the XRD measurement was carried out. The predominant
phase in the XRD measurement is the face-centered cubic structure of the single-phase alloy.
This finding is in agreement with the Ni-Cr phase diagram (Fig. 5.7) in which the fcc Ni-Cr
solid solution is the equilibrium phase for the given composition of Ni20Cr in the temperature
range between 500°C and the solidus temperature.
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Fig. 5.6: X-ray diffraction pattern of an atmospheric plasma sprayed Ni20Cr bondcoat in the
20

30

40
40

50

60

T in °C

as-sprayed condition. ZrO2/7wt%Y2O3 resulted from slight overspraying.
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Fig. 5.7: Binary phase diagram of the system Ni-Cr [Baker-1]
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5.1.3 Fe22Cr bondcoats
The Fe-base Fe22Cr coating was chosen since its phase composition and physical properties
are close to that of the ferritic / martensitic 1% and 10%Cr-steel substrates. The Fe22Cr
possesses better oxidation resistance than the two ferritic / martensitic steels due to its higher
Cr content.
The APS Fe22Cr bondcoats showed a roughness of Ra = 9.7  0.9µm (n=33) that enabled
excellent TBC adherence (Fig. 5.8a). No delamination or cracks along the bondcoat / TBC
interface were found. Thin oxide layers, narrow gaps and a few Al2O3 grains were present at
the interface between bondcoat and substrate (Fig. 5.8a, b). The oxides were formed during
the plasma spraying, while the Al2O3 particles represented residue from the substrate grit
blasting prior to coating. The bondcoat thickness amounted to 154  9µm (n=10), i.e. slightly
smaller than the nominal value of 250µm.
(b)

(a)
TBC
Fe22Cr

Break-out

Fe22Cr

Ferritic / martensitic steel

Ferritic / martensitic steel

Fig. 5.8: Cross-sections of an atmospheric plasma sprayed Fe22Cr bondcoat in the as-sprayed
condition
The microstructure of as-sprayed Fe22Cr bondcoats was found to be a mixture of metallic
splats and unmelted spraying particles interspersed with thin oxide layers and pores (Fig. 5.8,
5.9). The numerous oxide films between the metallic splats separated the alloy particles from
each other and prevented the formation of a coherent metallic layer. The resulting
microstructure displayed a cermet type rather than a pure metallic bondcoat leading to an
embrittlement of the coating. Thereby, particle break-outs formed during sample preparation
and artificially increased the porosity visible in the sample cross-sections (Fig. 5.8a). Other
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researchers dealing with Fe-Cr plasma spray coatings faced similar problems [Song-1]. They
found that substantial oxide formation during APS was unavoidable and only inert gas
shrouding provided some level of protection against oxidation [Planche-1]. The same authors
also noted that the oxidation of spraying particles occurred predominantly in-flight rather than
on the substrate. However, the amount of bondcoat oxidation observed in the investigated
samples exceeded that described in literature.
By means of XRD analysis the phases present in as-sprayed Fe22Cr bondcoats were identified
as ferrite and spinel type oxides (Fig. 5.10). Also small amounts of yttria-stabilized zirconia
occurred due to overspray during the TBC coating process. The detection of the spinel
structure by XRD also allowed for a very rough estimate of the amount of oxides in the
bondcoat. Their amount is at least 3-5vol% since this is the detection limit of the analysis
method. More precise data on the amount of oxides were lacking because quantitative phase
analysis by image analysis was hampered by the complex microstructure and porosity of the
coatings.
The chemical composition of the ferrite phase showed locally substantial variations. While
larger particles retained their initial Cr content, smaller splats were depleted down to 13wt%
Cr (Fig. 5.9). The localised Cr depletion in the ferritic phase corresponded to enrichment of
the element in nearby oxides. EDX measurements identified the spinel type oxide phases as
(Fe,Cr)3O4. No indication for the formation of Cr2O3 was found in the XRD pattern.
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Fig. 5.9: Backscattered electron image of a cross-sectioned atmospheric plasma sprayed
Fe22Cr bondcoat in the as-sprayed condition; data of EDX measurements in wt%
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as-sprayed condition. ZrO2/7wt%Y2O3 resulted from slight overspraying.
From the Fe-Cr equilibrium phase diagram given in Fig. 5.11a it can be concluded that
Fe22Cr possesses a single-phase bcc microstructure only above 550°C. At lower temperatures
two phases coexist ( and ’). The two phases form because of the miscibility gap below
approximately 550°C. According to the older version of the Fe-Cr phase diagram given in
Fig. 5.11b Fe22Cr consists of two phases ( and -phase) already at 700°C. However,
because of the high quenching rates during plasma spraying the Fe22Cr coatings are assumed
to be in a metastable state. Therefore, comparison of the phase compositon of the as-sprayed
coatings with phase diagrams is difficult.
The formation of the microstructure and phase composition of the bondcoat was directly
related to the coating process and can be explained as follows. Small particles of spraying
powder completely melted inside the plasma torch and formed oxides on their surface.
Substantial amounts of Cr oxidised due to the high oxygen affinity of this element.
Convection within molten droplets further enhanced Cr oxidation as more Cr was
continuously provided to the reactive surface. Thus, the small coating particles became
depleted in Cr. Formation of pure Cr2O3 was inhibited by the fast oxidation kinetics inside the
high temperature environment of the plasma torch that also allowed the oxidation of Fe. The
liquid oxide films around the droplets do not provide oxidation protection in the way that
solid scales do. Finally, on impact at the surface of the substrate the spraying droplets formed
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pancake-like Cr-depleted splats covered by Fe-Cr spinel. The high cooling rates of the rapidly
solidified splats likely prevented the steel from establishing thermodynamic equilibrium.
Thus, the coating alloy is assumed to prevail in a metastable state.
(a)

(b)

Fig. 5.11: Binary phase diagrams of the Fe-Cr system from (a) [Okamoto-1] and an older
version from (b) [Massalski-1]
33

In contrast to the fine-grained fraction, the coarse-grained powder particles melted only
partially. This resulted from their larger volume compared to the smaller grains and
additionally because larger particles were assumed to have often dropped out off the centre of
the plasma torch into areas of lower temperature, a process also described in literature
[Heimann-1]. This occurred because the powder was injected sideways into the plasma torch
and large particles of higher kinetic energy were more likely to drop out of the flame. As a
result of the incomplete melting and the lower temperature in the outer part compared to the
centre of the plasma torch, the affected spraying particles featured only minor oxide formation
and consequently no significant Cr depletion. Upon impact at the surface of the substrate they
formed relatively large spheroidal grains clearly visible in the bondcoat cross-sections (Fig.
5.8b).
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5.1.4 CoNiCrAlY coatings
In contrast to the bondcoats presented in the previous chapters, CoNiCrAlY is an Al2O3
former and thereby represents a different kind of material class. Especially at elevated
temperatures Al2O3 formers develop slower growing and more protective oxide scales
compared to Cr2O3 formers.
The adherence of TBC and bondcoat was excellent as can be seen from Fig. 5.12a. No
delamination or cracks along the coating / substrate interface occurred. This finding was in
agreement with those from the Ni20Cr and Fe22Cr coatings that also exhibited proper TBC
bonding. Along the interface of the CoNiCrAlY and the substrate, narrow gaps developed.
They covered approximately 50% of the interface and showed an appearance very similar to
that of the pores inside the bondcoat (Fig. 5.12). The thickness of the bondcoats was 144 
15µm (n=6) and was significantly thinner than originally specified (250µm).
The microstructure of as-sprayed CoNiCrAlY coatings can be seen in Fig. 5.12 and 5.13.
Pancake-like splats were predominant and only few unmelted powder particles were
observed. Additionally, minor amounts of oxides were formed during the plasma spraying.
Porosity occurred in form of narrow but elongated gaps rather than as spheroidal structures.
These gaps were located in between splats and thus impaired the adhesion of the splats. The
pores typically had a diameter of less than 10µm. It is assumed that they were connected to
each other to form a network-like structure. If this would be the case, such a network would
have prevented the bondcoat from becoming completely gas tight.
(a)
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TBC
CoNiCrAlY

Gap

CoNiCrAlY

Ferritic / martensitic steel

Oxide

Ferritic / martensitic steel

Interface

Fig. 5.12: Cross-sections of an atmospheric plasma sprayed CoNiCrAlY bondcoat in the assprayed condition
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The chemical composition of as-sprayed CoNiCrAlY bondcoats was characterised on sample
cross-sections using scanning electron microscopy and energy dispersive X-ray analysis. The
results given in Fig. 5.13 show that the coating exhibited a homogeneous element distribution.
Although small variations in grey shading appeared in the backscattered electron image, no
significant evidence of chemical heterogeneity was detected by EDX. The measured amounts
of alloying elements agreed with those of the as-received spraying powder. The only
deviation existed in the absence of Y in the metallic grains. The Y was found to be enriched in
oxide particles. These oxides consisted of Al2O3 that contained minor amounts of Y and Cr.
Cr depletion as observed in the APS Fe22Cr coatings was not observed.
The reason for the minor amount of Y in the CoNiCrAlY coating is the improvement of the
oxidation behaviour [Gudmundsson-1]. Considering the conditions during APS, which lead to
the oxidation of the Y, the positive effect of this element on the oxidation behaviour of the
coating may be lost as a result of the coating process.
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Fig. 5.13: Backscattered electron image of a cross-sectioned atmospheric plasma sprayed
CoNiCrAlY coating in the as-sprayed condition; data of EDX measurements in wt%
XRD analysis was carried out to investigate the phase composition of the as-sprayed
CoNiCrAlY bondcoats. The results of two samples are presented in Fig. 5.14. Both
measurements agreed in the absence of Al2O3 peaks. Although the existence of Al2O3 in the
samples was confirmed by EDX its amount was apparently beneath the XRD detection limit
of 3 - 5vol%. The first coating (black curve) consisted of -NiAl, -Ni and -CoCr plus a
small amount of yttria stabilised zirconia overspray. All peaks shown in the diffraction pattern
featured broadening. The three peaks of the -phase at 47° even merged to form a single
peak. One possible explanation for the observed peak broadening is a low crystallinity or a
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significant lattice distortion due to the non-equilibrium state. In contrast to these findings the
diffraction pattern of the second sample (blue curve) shows only presence of  and -phase.
Their main peaks exhibited clear differences in intensity compared to the peaks of the other
sample, indicating variations in phase composition between various coated samples. The same
applied to the absence of -phase. The measured peaks of the second coating were narrower,
indicating a higher degree of crystallinity. The differences between both coatings pointed to
so-called batch-to-batch variations. This phenomenon was associated with the lack of
reproducibility during the coating process.
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(ZrO2/7wt%Y2O3)

20

30

40

50
60
70
80
2
Fig. 5.14: X-ray diffraction patterns of two atmospheric plasma sprayed CoNiCrAlY
bondcoats in the as-sprayed condition; t’-phase related to overspraying
Due to the complex chemical composition of the CoNiCrAlY, the phase equilibrium cannot
be directly derived from existing binary or ternary phase diagrams like those shown in Fig.
5.15. Therefore, thermodynamic equilibrium calculations using Thermo-Calc were carried out
in order to close this gap of information. Figures 5.16 and 5.17 show the phase equilibrium of
CoNiCrAlY coatings with the -Co phase included in (Fig. 5.16) and excluded (Fig. 5.17)
from the calculation. The -Co phase is known to occur in Co-rich alloys but is described as a
compound that forms very slowly at temperatures below 800°C due to sluggish diffusion
[Ishida-1]. Since in the present study the -Co phase was not observed in any sample, even
after the maximum exposure time of 10000h at the highest experiment temperature of 650°C,
it was decided not to incorporate the phase in the further investigations.
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(a)

at% Al

at% Cr

(b)

at% Co
at%

at%

at%

Fig. 5.15: (a) ternary Co-Cr-Al phase diagram at 1000°C; (b) Ni-rich section of the ternary
Ni-Cr-Al phase diagram at 850°C
From Fig. 5.16 and Fig. 5.17 it can be derived that the alloy in equilibrium possesses a multiphase character. Comparison of Fig. 5.14 and Fig. 5.16 gives an explanation of the differences
observed in the XRD patterns. The blue plot in Fig. 5.14 represents the phase composition of
CoNiCrAlY between approximately 1050°C and the melting point. In this temperature range
no -phase is stable according to the thermodynamic calculation. The black curve however,
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exhibits the XRD pattern as qualitatively expected for the alloy in the temperature range of
550 – 1000°C. Thus, it may be concluded that the batch-to-batch variations mentioned above
resulted from different temperature regimes during plasma spraying or subsequent cooling. It
is assumed that the phase composition of all specimens would become similar during high
temperature exposure. Thus, for the oxidation tests carried out on CoNiCrAlY samples in the
temperature range of 550 to 650°C no adverse effects due to batch-to-batch variations were
expected, as will be illustrated in following sections.
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Fig. 5.16: Phase distribution and composition of phases of CoNiCrAlY coatings as function of
temperature; calculated using Thermo-Calc [Thermo-Calc-1] with -Co phase excluded from
the calculation
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Fig. 5.17: Phase distribution of CoNiCrAlY coatings as function of temperature with -Co
phase included in the calculation [Thermo-Calc-1]
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5.1.5 Topcoats
5.1.5.1 As-sprayed condition
Two different batches of APS Ni20Cr topcoats were manufactured. Both were sprayed on
identical TBC layers. The two batches of topcoats only differed in the particle size of the
Ni20Cr feedstock powder (see table 4.3). One topcoat was sprayed using coarse-grained
powder the other one using fine-grained powder. The topcoats sprayed of coarse-grained
powder were comparable to the Ni20Cr bondcoats (section 5.1.2) as the powder employed
was the same.
Sample cross-sections of as-sprayed Ni20Cr topcoats are shown in Fig. 5.18. The pictures
represent a coating sprayed of fine–grained powder in the left column and its coarse-grained
equivalent in the right column. Both topcoats exhibited a laterally homogeneous thickness of
130  16µm (n=7) while the specified value was 100 to 150µm. As visible in Fig. 5.18e and f
the fine-grained coating featured a very smooth surface whereas, a rougher surface prevailed
in case of the coarse-grained material. The microstructure of the topcoats is described in detail
later in this section, but it should be mentioned here that the coatings sprayed of fine-grained
powder exhibited large amounts of oxides whereas, only small amounts of oxides were
observed in the coarse-grained topcoats. The adhesion of topcoat and TBC is illustrated in
Fig. 5.18. On the one hand the TBC / topcoat interface exhibited virtually no defects. On the
other hand extensive cracks were formed close to the interface inside the TBCs (Fig. 5.18c to
f). The crack patterns of fine and coarse-grained topcoats significantly differed from each
other. The cracks in the TBC underneath the fine-grained coatings were narrow, up to 1mm
long and ran parallel to the interface. Less than 10% of the TBC / topcoat boundary was
affected. TBC damage was restricted to an area reaching approximately 100µm beneath the
interface. In contrast, samples with coarse-grained topcoats exhibited broad cracks, which
reached a maximum length of 3mm and occasionally interlinked to each other. These cracks
usually ran transversal into the TBC whereby the damage extended up to 500µm into the
ceramic. It was estimated that cracks were present in 30 to 50% of the area below the topcoat /
TBC interface.
All observed TBC cracks beneath both fine and coarse-grained Ni20Cr coatings were linked
to vertical topcoat cracks (Fig. 5.18c and d). These vertical cracks were a few µm wide for the
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fine-grained coating and more than 50µm wide for the coating sprayed of coarse-grained
powder. The extension and patterns of the vertical topcoat cracks were macroscopically
visible on the surface of the samples (Fig. 5.19). The macroscopic features were different for
the two topcoat batches. The coating sprayed of coarse-grained powder exhibited a closemeshed network of cracks just 2 to 4 mm apart. The number of vertical cracks in the finegrained topcoat was significantly lower and their intermediate distance was approximately 5
to 7mm. These differences were consistent with the previously presented finding (Fig. 5.18)
that the fine-grained coating also exhibited far less TBC cracking than the coarse-grained
coating.
(a)

(b)

Crack

Ni20Cr Topcoat

Ni20Cr Topcoat

TBC

TBC

(d)

(c)
Ni20Cr Topcoat

Ni20Cr Topcoat

Cracks

Cracks

TBC

TBC

(e)

Ni20Cr Topcoat
Cracks

Ni20Cr Topcoat

(f)

TBC

TBC
Crack

Fig. 5.18: Cross-sections of atmospheric plasma sprayed Ni20Cr topcoats in the as-sprayed
condition; (a), (c) and (e) sprayed of fine-grained powder; (b), (d) and (f) sprayed of coarsegrained powder
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To macroscopically visualise the crack patterns of the topcoats on the surfaces of the samples,
two different procedures were employed. In case of the fine-grained coating soaking in
ethanol provided the desired result since the alcohol on the surface of the sample rapidly
evaporated leaving a light-grey face while ethanol originating from TBC pores migrated
towards the surface due to capillary forces making the cracks in the topcoat visible as darkgrey lines (Fig. 5.19a). This approach was not applicable in case of the topcoat sprayed of
coarse-grained powder. It was assumed that due to the broader cracks of these coatings the
capillary forces were not sufficiently large and the ethanol evaporated inside the coating
before it reached the outer surface. To visualise the crack pattern of the coarse-grained
coatings they were soaked in water for 3 days. Thereafter, cracks were visible as light brown
lines (Fig. 5.19b). This change in colour was believed to originate from the deposition of Feoxy-hydroxides along the surface of the topcoat cracks. The exact way these compounds
formed remained unclear. A possible explanation assumed the existence of air bubbles inside
topcoat- and TBC-cracks that promoted the oxidation of dissolved Fe ions in the surrounding
water. In consequence, Fe-oxy-hydroxides would have mainly formed within the topcoat
cracks. The possibility to visualise cracks in a nondestructive way as mentioned above offers
the opportunity to develop a simple, economically feasible method for quality control of
plasma sprayed topcoats.

(a)

(b)

Crack

Crack

1cm

1cm

Fig. 5.19: Crack patterns of atmospheric plasma sprayed Ni20Cr topcoats in the as-sprayed
condition; (a) fine-grained coating (ethanol-wetted to visualise cracks); (b) coarse-grained
coating (water treated for 3 days to visualise cracks)
The microstructure of the APS Ni20Cr topcoats is shown in Fig. 5.20. Both batches of
coatings exhibited a mixture of pancake-like splats, spheroidal particles, oxides and pores.
However, the amount of these components differed significantly. Topcoats sprayed from
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coarse-grained powder showed a mainly metallic character and only minor oxide formation.
Micrometer thin pores and oxide films occasionally impeded the adherence of splats. Hardly
any unmelted spraying particles were found. The metallic phase in the coarse-grained coating
was, as expected, identified as fcc Ni20Cr (Fig. 5.21). The chemical composition of the
particles was homogeneous (Fig. 5.20b) and nearly identical to that of the feedstock powder.
No clear Cr depletion was observed. Nevertheless, the oxides formed were found to be partly
enriched in Cr. By means of XRD analysis they were identified as NiO and spinel. Although
the formation of Cr2O3 was likely to occur, no indications for the formation of this oxide were
found by XRD. Either, the oxide was not present or its amount was beneath the XRD
detection limit, which is 3 to 5%. In summary, the topcoats sprayed of coarse-grained powder
showed characteristics similar to those of the Ni20Cr bondcoats shown in section 5.1.2.
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Fig. 5.20: Backscattered electron images of cross-sectioned atmospheric plasma sprayed
Ni20Cr topcoats in the as-sprayed condition; (a) sprayed of fine-grained powder; (b) sprayed
of coarse-grained powder. EDX measurements (in wt%) showing composition of prevailing
phases.
In contrast, topcoats sprayed of fine-grained Ni20Cr powder exhibited a clearly different
appearance. The formed splats were smaller and thinner. The amount of oxide phases by far
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exceeded that of coatings manufactured using coarse powder (Fig. 5.20). Oxide layers
separated most of the metallic splats from each other. Thus, the fine-grained topcoats did not
appeared as a compact metallic coating. The described microstructure affected the properties
of the coatings in a way already explained in chapter 5.2.3 for Fe22Cr coatings. They became
more brittle resulting in break-outs during the metallographic preparation of the specimens
with the result that the porosity visible in sample cross-sections seemed to be higher than for
the coarse-grained coatings.
The chemical composition of fine-grained Ni20Cr coatings is given in Fig. 5.20a. The few
large alloy particles present retained their initial Cr content of about 19wt%. In contrast, the
numerous small metallic splats were Cr-depleted compared to the feedstock powder. The
composition of the oxide phases was similar to that found in coarse-grained topcoats. Some
oxides exhibited Cr contents around 20wt% while others were enriched in Cr up to 44wt%.
However, the quantification data derived from EDX measurements of the fine-grained
coatings should be treated with caution since the analysed splats were just a few µm in size
and thus in the range of the lateral and depth resolution of the EDX analyses.
To enable reliable phase analysis the EDX data were combined with information about the
coatings obtained by XRD (Fig. 5.21). The metallic phase in the fine-grained topcoat
appeared to be fcc. The measured alloy peaks were slightly shifted to higher diffraction angles
compared to data for the coarse-grained coating. The observed peak shift corresponded to a
smaller unit cell and can be explained by a lower Cr content in the fcc matrix [Wang -1]. This
finding was consistent with the above-mentioned Cr depletion during coating manufacturing
as was detected by EDX. Furthermore, the broadened shape of the peaks indicated variations
of the lattice parameters and thus Cr content. Consequently, the metallic phase in the finegrained topcoat can be described as particles with fcc structure, but different Cr contents.
XRD analysis also allowed the identification of the oxides present. Besides NiO, only a spinel
type oxide phase was found. Again, no Cr2O3 was detected. The intensities of the oxide peaks
of the fine-grained coating were clearly larger than those of the coarse-grained one. Hence,
the amount of oxides in the fine-grained topcoat was also larger, a finding already observed in
sample cross-sections.
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Fig. 5.21: X-ray diffraction patterns of two atmospheric plasma sprayed Ni20Cr topcoats in
the as-sprayed condition. The coatings were sprayed using coarse-grained powder (black
curve) and fine-grained powder (blue curve) respectively

5.1.5.2 Crack formation in topcoats
Using the results presented in the previous chapter, a model regarding the formation of the
observed topcoat and TBC cracks was developed. First of all, it is obvious that the occurrence
of cracks in the TBC was attributed to the existence of a topcoat because no cracks were
observed in samples without topcoat. The main driving force for the development of cracks
was assumed to be the thermal contraction of the topcoats immediately after the plasma
spraying process. During manufacture the Ni20Cr coatings exhibit a temperature of
approximately 300 to 400°C, while the underlying TBC featured only 100 – 150°C [Johner1]. This temperature gradient resulted from the slow heat absorption of the TBC and the poor
heat transfer through the TBC / topcoat interface. Furthermore, the plasma torch continuously
heated the topcoat surface (Fig. 5.22a). After finishing the plasma spraying process the
topcoat cooled down to ambient temperature. This cooling caused the material to shrink
thereby inducing cooling stresses between topcoat and TBC. Tensile stresses developed in the
topcoat, while compressive stresses occurred in the TBC. The following two examples give an
estimate of the extend of the thermal contraction: at a given CTE of 16*10-6K-1 for Ni20Cr its
thermal contraction would amount to 0.76% when cooled down from 525°C to room
temperature. Between 825°C and 25°C the shrinkage is 1.34% [Taylor-2]. For two reasons the
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TBC was not able to follow this contraction of the attached topcoat. First, its own CTE was
11.1*10-6K-1 [Taylor-2] and thus significantly smaller than that of the Ni20Cr topcoat.
Second, the temperature drop of the TBC was just around 100K compared to 300 to 400K for
the topcoat. Thus, the topcoat was subjected to a clearly larger thermal contraction upon
cooling after plasma spraying than the TBC. Because the adherence of both coatings was
excellent (Fig. 5.18a, b) there was no possibility to relax the thermally induced stresses e.g. by
plastic deformation. As a result, the topcoat ruptured and formed vertically arranged cracks
(Fig. 5.22b).

(a) Conditions during
plasma spraying

(b)

Topcoat (300 to 400°C)

Topcoat

TBC (100 – 150°C)

TBC

Cooling down after
plasma spraying

Thermal contraction of the topcoat and
formation of vertical cracks
(c) Final crack pattern of TBCs with
fine-grained (brittle) topcoat

(d) Final crack pattern of TBCs with
coarse-grained (rugged) topcoat
Stress field

Stress field
Fine-grained topcoat

Coarse-grained topcoat

TBC

TBC

Narrow and short cracks close to the
interface, weak and short-range stress fields

Broad and wide-stretched transversal
cracks, strong and extensive stress fields

Fig. 5.22: Schematic illustration of the crack formation in TBCs with Ni20Cr topcoat
To explain the different crack patterns observed for fine and coarse-grained coatings, one has
to take into account the differences in the microstructures. The coarse-grained coatings
offered a virtually compact metallic structure. During cooling after the plasma spraying
process the tensile strength of this metallic layer allowed the accumulation of large tensile
stresses. These stresses partly relaxed in form of numerous broad topcoat cracks. Furthermore,
they created a local stress field reaching deep into the TBC thereby promoting the formation
of extensive transverse TBC cracks (Fig. 5.22d). In contrast, topcoats sprayed of fine-grained
powder exhibited a large amount of oxides, which caused the layers to become brittle thus
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reducing their tensile strength. Such a coating was believed to relieve most of the generated
tensile cooling stress inside itself by creating numerous microcracks. Therefore, the number
of macroscopically visible cracks in the fine-grained topcoat decreased and the diameter of
the cracks was reduced. Also the formation of large stress fields was impeded. Thus, only
short and narrow TBC cracks close to the TBC / topcoat interface could develop (Fig. 5.22c).
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5.2 Long-term steam exposure of coated samples
5.2.1 Overview of high temperature oxidation experiments
The previous chapters described in detail the microstructure of APS coatings in the as-sprayed
condition. In the following chapters the results of oxidation tests carried out on these coatings
are presented. The oxidation tests were performed in Ar-50%H2O. An overview of the
oxidation tests carried out is given in table 5.2.

Substrate

Bondcoat

Thermal barrier

material

material

coating

Ni20Cr

1%Cr-steel

10%Crsteel

Temperature
550°C

600°C

ZrO2/7wt%Y2O3

1000h
3000h
10000h

1000h
3000h
10000h

Fe22Cr

ZrO2/7wt%Y2O3

1000h
3000h
10000h

1000h
3000h
10000h

CoNiCrAlY

ZrO2/7wt%Y2O3

1000h
3000h
10000h

1000h
3000h
10000h

Ni20Cr

ZrO2/7wt%Y2O3

1000h
3000h
10000h

1000h
3000h
10000h

Fe22Cr

ZrO2/7wt%Y2O3

1000h
3000h
10000h

1000h
3000h
10000h

CoNiCrAlY

ZrO2/7wt%Y2O3

1000h
3000h

1000h
3000h

Ni20Cr

ZrO2/7wt%Y2O3

1000h
3000h
10000h

1000h
3000h
10000h

Fe22Cr

ZrO2/7wt%Y2O3

1000h
3000h
10000h

1000h
3000h
10000h

Nimonic
80A

650°C

700°C

Table 5.2: Overview of the isothermal long-term oxidation tests carried out on APS coated
samples in Ar-50%H2O at 1bar
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5.2.2 Effects of steam exposure to TBCs
The long-term integrity of ZrO2/7wt%Y2O3 thermal barrier coatings in high temperature
steam environments is a crucial factor for their application in steam turbines. Even minor
changes in phase composition or microstructure may significantly alter the thermal
conductivity of the material. This would cause unpredictable thermal loads of the underlying
turbine components, the lifetime of which is strongly affected by temperature dependent
properties such as creep strength.
Cross-sections of Ar-50%H2O-exposed TBCs are shown in Fig. 5.23b and c. The coatings
were tested for the maximum experiment duration of 10000h at 550 and 700°C respectively.
They exhibited a microstructure consisting of ceramic grains interspersed with pores. No
cracks were observed. Furthermore, the presented cross-sections showed no sign of break-outs
during sample preparation which would be expected to occur in very brittle material.
(a)

(b)

(c)

Fig. 5.23: Cross-sections of atmospheric plasma sprayed ZrO2/7wt%Y2O3 thermal barrier
coatings; (a) as-sprayed condition; (b) after 10000h exposure at 550°C in Ar-50%H2O; (c)
after 10000h exposure at 700°C in Ar-50%H2O
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The absence of cracks was especially important since it was taken as evidence for the
capability of the coating to successfully withstand the thermal loads during the oxidation
experiments (samples were cooled down to ambient temperature every 250h). Comparison of
an as-sprayed TBC with TBCs exposed to steam revealed no significant differences in
microstructures (Fig. 5.23).
The phase stability of ZrO2/7wt%Y2O3 coatings was investigated by XRD and the results are
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presented in Fig. 5.24. Long-term steam-exposed and as-sprayed coatings exhibited virtually
identical diffraction patterns. The peak positions and intensities of the measurements
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completely matched each other. This strongly indicates that no change in the phase
3000

composition occurred during the 10000h oxidation tests in Ar-50%H2O at 550 and 650°C.
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Fig. 5.24: X-ray diffraction patterns of atmospheric plasma sprayed ZrO2/7wt%Y2O3 thermal

barrier coatings; blue: as-sprayed condition; red: after 10000h exposure at 550°C in Ar50%H2O; black: after 10000h exposure at 650°C in Ar-50%H2O
To further check the stability of the steam exposed TBCs, structure refinement was applied to
one of the XRD patterns (Fig. 5.25). The results of the Rietfeld refinement clearly show that
after 10000h at 650°C in Ar-50%H2O only t’-phase occurred. The deviations between the
measurement (black curve) and the pattern of the calculated t’ structure (blue curve) were
marginal (red curve). This indicated an acceptable fit and thus a reliable result. The phase
composition of as-sprayed ZrO2/7wt%Y2O3 coatings also exhibited solely t’-phase as was
mentioned in chapter 5.1.1. This again strongly indicates that no substantial change in phase
composition of TBCs occurred during the oxidation experiments.
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Fig. 5.25: Results of the structure refinement of an X-ray diffraction pattern taken from a
ZrO2/7wt%Y2O3 TBC exposed to Ar-50%H2O for 10000h at 650°C. The red curve represents
the deviations between the calculated (blue) and measured curve (black).
To further assess the suitability of ZrO2/7wt%Y2O3 coatings for steam turbine applications it
is necessary to examine the whole range of operating conditions. The situation during the
continuous operation of a turbine was simulated by the oxidation tests and proved to be
unproblematic for TBCs. Only the influence of pressure on TBC performance remained
unclear. In environments involving different temperatures and atmospheres than investigated
in the present study, ZrO2/7wt%Y2O3 TBCs may not always be stable. The t’-phase for
example, is known to be metastable (Fig. 5.3) and slowly decomposes at high temperatures.
Above 1200°C the stabilising Y3+ ions start to diffuse into their equilibrium positions [Lughi1]. Thus, the t’-phase changes into the yttria-rich cubic and the low-yttria tetragonal phase.
The latter transforms to monoclinic ZrO2 upon cooling, thereby causing a volume expansion
of 3 to 5% [Moon-1]. This is believed to result in crack formation and a subsequent decrease
of the thermal insulation properties. Even taking into account that steam turbines will never
reach 1200°C, the aspect of high temperature phase transformations is worth mentioning since
it might theoretically be affected by steam, during very long service times.
The stability of ZrO2/7wt%Y2O3 at low temperatures represents another important feature,
whereby the crucial factor is not primarily the temperature, but the question whether steam or
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water in aqueous state prevails. Once condensation occurs inside a turbine, the TBCs are in
contact with liquid phase. Water can hydrolyse Y2O3 to form Y(OH)3 [Lange-1]. This reaction
destabilises the t-phase and causes it to slowly transform into the monoclinic phase. The
described process is time-dependant and was observed in the temperature range of 130 to
300°C [Reetz-1, Woydt-1]. It proceeds most rapidly at temperatures in the range of 200 to
300°C [Chevalier-1, Lange-1].
It is also theoretically possible that yttria-stabilised zirconia forms by precipitation from
hydrothermal solutions. Yoshimura et al. [Yoshimura-1] succeeded in growing the tetragonal
phase on a seed crystal from a 15wt% Na(OH) solution. This basic solution dissolved very
fine-grained ZrO2/14wt%Y2O3 powder while single crystals were stable. The formation of the
tetragonal phase occurred at 600 to 700°C and 100MPa within 24h. The temperature
difference in the employed autoclave between the dissolution zone of the feed powder and the
precipitation zone at the seed crystal was 10K [Yoshimura-1]. It is not known whether such
effects also occur in steam turbines. While the temperature and pressure in the experiments of
Yoshimura et al. were similar to the conditions in steam turbines, there is no strong alkaline
environment in a turbine. However, it cannot absolutely be ruled out that a change of
ZrO2/7wt%Y2O3 might occur in atmospheric plasma sprayed TBCs when exposed to
pressurised steam. If so, thermodynamically unstable phases in the coating may dissolve. The
dissolved material could either be deposited on material surfaces with lower temperature if its
concentration exceeds the solubility limit or it is flushed away by the steam. Both scenarios
would be expected to change the microstructure of the coatings which may influence the
thermal conductivity. It is not clear how the process is exactly affected by Na(OH), which was
used in the above-mentioned experiments by Yoshimura et al. [Yoshimura-1] and is known to
be a strong mineraliser. If Na(OH) is absent, the dissolution and precipitation behaviour of
ZrO2/7wt%Y2O3 in steam / hydrothermal fluids may be completely different.
The above-mentioned experimental results of Yoshimura et al. significantly differed from
those presented in this chapter. While in the present study the metastable t’-phase
ZrO2/7wt%Y2O3 was found to be stable in Ar-50%H2O at 550 to 700°C under ambient
pressure, Yoshimura et al. reported that the thermodynamic equilibrium tetragonal phase
partly dissolved in high pressurised hydrothermal fluids in the same temperature range. This
difference in the durability of the material is possibly attributed to the effect of pressure. From
mineralogical and geological investigations it is known that the solubility of solids in highly
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compressed supercritical water vapour tends to increase with increasing fluid pressure
[Franck-1]. Thereby, the stability of t’-phase coatings under such conditions might be affected
in two ways. First, the entire phase could dissolve in the fluid. Secondly, only Y2O3 could
dissolve thus losing its stabilising effect on the t’ / t structure.
A final remark is attributed to the high temperature experiments carried out to investigate the
stability of TBCs for gas turbine applications. The atmospheres employed for these gas
turbine tests usually contain low amounts of water vapour. The low H2O concentrations
inhibit the formation of hydrothermal conditions as present in steam turbines. Therefore, the
results for ZrO2/7wt%Y2O3 stability derived from these experiments are not necessarily in all
aspects representative for the conditions prevailing in steam turbines. To assure the long-term
stability of t’-phase ZrO2/7wt%Y2O3 in steam turbine environments, coatings should
eventually be tested in a running turbine or a steam pipe bypass.
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5.2.3 Coatings on 1%Cr-steel
Oxidation tests with the coated 1%Cr-steel were carried out at 550 and 600°C, as at higher
temperatures the creep strength of the material would be too low for the envisaged
applications. The following chapters present the results of the oxidation tests in Ar-50%H2O.
The results obtained for the various coatings will be presented separately and the relative
differences in coating performance will be compared in the final section.

5.2.3.1 Ni20Cr bondcoat on 1%Cr-steel
Oxidation
After oxidation in Ar-50%H2O, the coated samples were cross-sectioned and analysed by
metallography. Fig. 5.26 shows optical micrographs of specimens in the as-sprayed condition
and after the maximum test duration of 10000h. The coatings exhibit no significant
differences to each other as their microstructure and appearance remained virtually unchanged
after the oxidation testing. No delamination of bondcoats or the attaching TBCs was observed.
In sample cross-sections no indication for the formation of oxides on the Ni20Cr coating
surfaces were found. However, by means of XRD the existence of Cr2O3 in steam-exposed
coatings could clearly be detected (Fig. 5.27), while the XRD pattern of an as-received
coating showed the presence of fcc Ni20Cr (and t’-phase ZrO2/7wt%Y2O3 over-spray) only.
The intensity of the Cr2O3 peaks was similar for the samples oxidised at 550 and 600°C. Asreceived and oxidised coatings exhibited no relative shift of the fcc peaks. This indicates the
absence of substantial Cr depletion since a lower Cr content would cause the fcc unit cell to
shrink resulting in higher diffraction angles (see section 5.1.5.1).
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Fig. 5.26: Cross-sections of atmospheric plasma sprayed Ni20Cr bondcoats; (a) as-sprayed
condition; (b) after 10000h exposure at 550°C in Ar-50%H2O; (c) after 10000h exposure at
600°C in Ar-50%H2O
In contrast to the Ni20Cr coatings, which were only slightly affected by the oxidation tests,
the ferritic / martensitic substrate material displayed clear signs of oxidation induced changes.
Along the bondcoat / substrate interface a narrow band of oxides formed in the outer part of
the 1%Cr-steel. These reaction products covered almost the entire interface (Fig. 5.28) and
consisted of a close-meshed network of sub-micrometer thin internal oxides. The width of this
layer varied between 0 and 18µm after 10000h at 550°C. At 600°C the maximum thickness of
the internal oxidation zone after 10000h was 25µm. Due to their small size no unequivocal
analysis of the internal oxides could be achieved but they are believed to consist of Cr2O3
formed from the 1%Cr present in the substrate material.
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Fig. 5.27: X-ray diffraction patterns of atmospheric plasma sprayed Ni20Cr bondcoats; blue:
as-sprayed condition; red: after 10000h exposure at 550°C in Ar-50%H2O; black: after
10000h exposure at 600°C in Ar-50%H2O; ZrO2/7wt%Y2O3 resulted from slight overspraying
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Fig. 5.28: Cross-sections of atmospheric plasma sprayed Ni20Cr coatings on 1%Cr-steel after
10000h exposure in Ar-50%H2O at (a) 550°C and (b) 600°C showing effect of APS coating
on oxidation rate
At sites with poor bondcoat adhesion (gaps or bondcoat pores) the ferritic / martensitic
substrate also developed an outer oxide scale in the existing cavities (Fig. 5.29). This oxide
scale appeared along less than 20% of the interface. It consisted of almost pure iron oxide
containing only minor amounts of Cr (Fig. 5.29). Oxides only formed in pre-existing cavities
which exhibited no sign of lateral or vertical widening compared to specimens in the asreceived condition. The development of an iron-base oxide scale on part of the ferritic /
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martensitic substrate proved the bondcoat not to be completely gastight. Instead the formed
oxide scale closed the open porosity of the Ni20Cr coating by growing into its pores. The
growth of the scale on the ferritic / martensitic steel occasionally extended into bondcoat
cavities up to a distance of 40µm from the steel / bondcoat interface. After an initial fast
thickening the growth of the oxide scale slowed down. At 550°C as well as at 600°C the
oxides virtually stopped extending into the voids of the bondcoat between 3000 and 10000h.
A possible explanation might be that the scale grew into narrow pores of the bondcoat, which
formed a narrow channel for the outward diffusion of Fe-ions. This channel controlled the
growth rate of the oxide after the scale passed through the channel into a larger pore (Fig.
5.30). Therefore, the growth rate of the scale is limited by the smallest diameter of the scale
inside the pores. The specific growth rate of an oxide scale growing from the steel / bondcoat
interface into the pores of the bondcoat cannot be determined from sample cross-sections. The
cross-sections only show a two-dimensional image of the sample, whereas the oxide growth
in the pores proceeds in all directions depending on the morphology of the pores.
Ni20Cr

1%Cr-steel

Fig. 5.29: Backscattered electron image and EDX measurement of a cross-sectioned
atmospheric plasma sprayed Ni20Cr coating on 1%Cr-steel after 1000h exposure at 550°C in
Ar-50%H2O showing Fe-rich oxide formation in voids near bondcoat / steel interface
The O2-partial pressure in the pores of the bondcoat is unknown. The narrow pores of the
bondcoat and TBC reduce the flow of gas from the Ar-50%H2O atmosphere to the steel /
bondcoat interface. At the same time the oxidising atmosphere in the pores becomes depleted
in H2O due to the formation of oxides. The O2-partial pressure in bondcoat pores can only be
roughly estimated. It cannot be higher than the O2-partial pressure in Ar-50%H2O, which is
1.1*10-9bar at 550°C and 4.3*10-9bar at 600°C. Also it has to be higher than the dissociation
pressure of the oxides formed in the pores. The observed Fe oxides can either be hematite,
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magnetite or wustite. At 550°C wustite is not thermodynamically stable and so the Fe oxide
with the lowest dissociation pressure is magnetite (10-27bar at 550°C). Thus, the O2-partial
pressure in the pores of the bondcoat at 550°C is assumed to be higher than 10-27bar and lower
than 1.1*10-9bar .
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Fe2+ /
Fe3+
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Steel

Bondcoat
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Fe2+ /
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Fe2+ /
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Fig. 5.30: Schematic illustration of the oxide scale growth in narrow pores; (a) t0: as-sprayed
condition; (b) t1: fast scale growth into a large pore; (c) t2: scale growth into a narrow pore /
channel; (d) t3: very slow scale growth in a large pore after the scale passed the channel
The oxide formation on the coated and uncoated 1%Cr-steel is shown in Fig. 5.28. The
uncoated areas in the right part of the pictures show thick scales consisting of a thick inner
Fe3O4 layer (dark-grey) and a thinner outer Fe2O3 layer (light-grey). The colour of the
magnetite layer matches that of the oxides found in pores along the Ni20Cr / substrate
interface. Thus, the scale growing into the voids of the bondcoat is believed to consist of
magnetite.
After 10000h exposure the uncoated area of the sample oxidised at 550°C exhibits an
approximately 100µm thick scale with a thin band of internal oxidation near the oxide / steel
interface (Fig. 5.28a). This zone of internal oxidation has a similar appearance as that along
the bondcoat / substrate interface. However, the formation of the very thick scale observed on
the uncoated area was suppressed by the presence of the Ni20Cr bondcoat. In case of the
specimen tested for 10000h at 600°C the protective effect of the bondcoat is even more
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obvious. The uncoated steel developed a continuous 225µm thick scale and also a zone of
internal oxidation (Fig. 5.28b). The oxide scale which locally developed in pores along the
bondcoat / steel interface amounted to only 40µm and occurred only in a few isolated
locations with increased porosity.
Similar results like those presented here for the uncoated steel were published in literature
[Żurek-1]. The authors investigated a 1%Cr-steel coated with Metcoloy (NiCr60-15). The
very porous coating showed little oxidation but allowed formation of an oxide scale on the
steel substrate. After 10000h at 600°C in Ar-50%H2O the oxide layer measured
approximately 50µm in thickness and extended into the pores of the bondcoat for
approximately 200µm. This oxidation process is similar to that observed in the present work.
The significantly increased oxidation is likely due to the fact that the porosity of the
Metcoloy-coating was clearly larger than that of the coatings used in the present study. Thus,
it can be concluded that more dense coatings should provide improved oxidation protection to
the substrate.
Interdiffusion
After the steam exposure the ferritic / martensitic steel also showed indications of
interdiffusion with the bondcoat. Interdiffusion occurred at places with excellent bondcoat
adhesion and approximately 5 to 10% of the substrate / coating interface were affected by this
process. The most apparent effect of the interdiffusion process was the formation of austenitic
regions in the 1%Cr-steel. These regions are situated just below the Ni20Cr coating at the
interface to the substrate material (Fig. 5.31). They are characterised by a small contact zone,
which usually is 10µm or less in diameter. From the contact zone a radial, austenised region
extends into the ferritic / martensitic steel. In etched cross-sections the austenised regions are
easy to distinguish from the surrounding ferrite phase due to the absence of the martensitic
structure. Furthermore, the austenitic regions are the only areas in which no internal oxidation
zone is present in the steel. To visualise the interdiffusion zones, different etching procedures
were employed. A solution of ethanol and HNO3 was utilised to visualize the microstructures
of the materials. Fig. 5.31b clearly shows a phase boundary between the ferritic / martensitic
and austenitic areas. Samples were also etched with H2MoO4 a reagent that specifically
highlights phases with high Ni content such as austenite (Fig. 5.31a).
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The depth of the zone affected by Ni diffusion into the 1%Cr-steel was characterised by
measuring the extension of the austenised regions. The results are given in appendix I and
show a time as well as a temperature dependence of the diffusion process. After 10000h at
550°C the austenitic regions penetrated about 20µm into the substrate. For the maximum
experimental duration at 600°C this value reached approximately 23µm. At both temperatures
the depth of the interdiffusion zone grew parabolically with time. The slopes of the curves
after 10000h are small, indicating that only little progress of the austenisation occurs after
long exposure times. This assumption is in agreement with the sample cross-sections shown
in Fig. 5.31. These pictures reveal that the diffusion front in the vicinity of the austenitic
regions steadily increases while the contact zone to the bondcoat, through which the Ni
diffusion occurs, remains the same. This causes the flux of Ni atoms through the contact zone
to be distributed to a steadily increasing reaction front, thus slowing down the penetration rate
of the austenite phase boundary. Therefore, after long exposure times the depth of the
interdiffusion zone is likely to grow at a sub-parabolic rather than at a parabolic rate.
(a)

(b)

Ni20Cr

Ni20Cr

Interdiffusion
zone

Interdiffusion
zone
1%Cr-steel

1%Cr-steel

Fig. 5.31: Cross-sections of atmospheric plasma sprayed Ni20Cr coatings on 1%Cr-steel; (a)
after 10000h exposure at 550°C in Ar-50%H2O, etched with H2MoO4 and 4% spirituous
HNO3; (b) after 10000h exposure at 600°C in Ar-50%H2O, etched with 4% spirituous HNO3
The sample area shown in the optical micrograph of Fig. 5.31a was also investigated by
scanning electron microscopy (Fig. 5.32). In the backscattered electron image, the Ni
interdiffusion from the coating into the substrate is visible as a light-grey region just beneath
the steel / coating interface. The size of the austenised area in the optical and electron
microscopic picture is the same. However, the linescan in Fig. 5.32 reveals that the Ni
diffusion into the substrate material extends 7 to 8µm beyond the austenite / ferrite phase
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boundary. Therefore, optical micrographs only allow assessing the size of the austenitic
regions but underestimate the real depth of the diffusion front.
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Fig. 5.32: Backscattered electron image and line scan of a cross-sectioned atmospheric plasma
sprayed Ni20Cr coating on 1%Cr-steel after 10000h exposure at 550°C in Ar-50%H2O; EDX
measurements in different locations given in wt%
The linescan and EDX measurements also show the diffusion of Fe from the 1%Cr-steel into
the Ni20Cr coating. This diffusion zone extended approximately 10µm into the coating. The
highest Fe content detected in the coating was not higher than approximately 21wt%. Since no
formation of ferrite occurred, the Fe diffusion cannot be easily visualised in optical
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micrographs as is possible for the Ni diffusion into the substrate material. The Fe diffusion
can only be visualised by electron microscopy.
For Cr, the electron microscopic investigations yielded no indication of interdiffusion (Fig.
5.32). The reason for the absence of Cr diffusion are unknown. The Cr linescan displays some
peaks at a depth of 4 and 8µm in the bondcoat. They indicate the enrichment of the element in
the bondcoat close to the interface with the ferritic / martensitic steel. The occurrence of these
peaks may be related to the formation of Cr-carbides. The C source is believed to be the
1%Cr-steel. Similar observations were made in Fe22Cr coatings on 1% and 10%Cr-steel
where the effect of carbide formation is far more pronounced (compare chapter 5.2.3.2 and
5.2.4.2).
Besides oxidation and interdiffusion, another kind of microstructural change occurred in the
steel after oxidation. The Mo-rich carbide precipitates in the ferritic / martensitic steel
exhibited coarsening close to the interface with the bondcoat. This feature is shown in the
backscattered electron image of Fig. 5.32 where the light appearing Mo-rich phases are
clearly visible. The depth of the zone of changed carbide morphology amounts to
approximately 20µm and occurred along the whole interface. Therefore, it is not believed to
be related to interdiffusion since the latter only affected part of the interface (see Fig. 5.31a).
A possible explanation for the observed carbide coarsening might be the grit blasting of the
substrate prior to plasma spraying which strongly altered the microstructure of the surface
area of the steel.
Summary
Summarizing the above results it can be said that atmospheric plasma sprayed Ni20Cr
coatings proved to provide oxidation protection to 1%Cr-steels in Ar-50%H2O at 550 and
600°C. In most cases the results of the investigation of the specimens tested at 550 and 600°C
were similar and differences appeared to be marginal. Even after 10000h the coatings showed
only very little oxide formation. No TBC damage was observed. Bondcoat / substrate
interaction occurred in form of interdiffusion and oxidation of the steel. The discontinuous
scale, which formed on the ferritic / martensitic steel at the interface with the bondcoat,
developed due to open porosity of the Ni20Cr coating. The growth of this Fe-rich oxide
caused no detectable sample damage and proceeded considerably slower than the scale
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growth on uncoated steel areas. Interdiffusion of Ni into the ferritic / martensitic steel resulted
in the local formation of austenised regions along the bondcoat / substrate interface. These
austenitic zones penetrated into the substrate at an approximately parabolic rate.
Simultaneously, Fe and C diffused from the steel into the coating causing the formation of
minor amounts of Cr-carbide. Comparison of the presented results with literature data is
hindered by the lack of comparable data. In most publications the investigated materials or the
temperature, exposure times and atmosphere significantly differ from the experimental
conditions in the present work.
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5.2.3.2 Fe22Cr bondcoat on 1%Cr-steel
Oxidation
Fig. 5.33 shows optical micrographs of specimens in the as-sprayed condition and after the
maximum test duration of 10000h at 550 and 600°C. The tested samples exhibit clear signs of
microstructural changes. Most obvious are the delaminated TBCs (Fig. 5.33b, c). When
removed from the furnace after 10000h the specimen tested at 550°C lost its 2mm thick TBC
(5.33b) whereas the 1mm coating on the opposite site of the sample showed a poor adherence
(Fig. 5.34b). In the case of the 600°C sample both TBCs failed after 10000h exposure.

(a)
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Fig. 5.33: Cross-sections of atmospheric plasma sprayed Fe22Cr coatings; (a) as-sprayed
condition; (b) after 10000h exposure at 550°C in Ar-50%H2O; (c) after 10000h exposure at
600°C in Ar-50%H2O
The delamination of TBCs resulted from the formation of cracks in the vicinity of the
bondcoat / TBC interface. These cracks usually ran inside the ceramic coating at a distance of
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a few µm from the bondcoat (Fig. 5.33c, 5.34a). Occasionally, cracks propagated at bondcoat
peaks and interlinked. In this way some of the ceramic material was separated from the TBC
and remained on the bondcoat surface after the TBC had completely delaminated (Fig. 5.33b,
c). The detached TBC was almost completely free of bondcoat material (Fig. 5.36). A
schematic illustration of the observed failure mechanism is given in Fig. 5.35.
(a) Crack
Oxide

TBC

(b)
TBC

Fe22Cr
1%Cr-steel

Fe22Cr

TBC crack

1%Cr-steel

Fig. 5.34: Cross-sections of an atmospheric plasma sprayed Fe22Cr coating after 10000h
exposure at 550°C in Ar-50%H2O
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Fig. 5.35: Schematic illustration of the failure Fig. 5.36: TBC (left) delaminated from a
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Possible reasons causing the development of cracks leading to TBC failure involve bondcoat
oxidation and maybe CTE mismatch of the different materials. The oxides present in the
tested Fe22Cr coatings originated from the APS process as well as from oxidation during Ar50%H2O exposure. As described in chapter 5.1.3 the as-received Fe22Cr coatings possessed a
cermet-like microstructure due to their substantial oxide content. After exposure to Ar66

50%H2O the amount of oxides further increased. Inside the bondcoats no differentiation
between oxides formed during plasma spraying or during steam exposure was possible. At the
interface of the TBC and the bondcoat the situation appeared more well-defined. From Fig.
5.34a it is apparent that oxidised samples developed an almost continuous oxide layer along
the TBC / bondcoat interface. Such a layer is absent in the as-received specimens (Fig. 5.33a).
The correlation between oxide formation and TBC delamination might be the following.
When exposed to steam the cermet-like microstructure of the bondcoat caused each alloy
particle to oxidise at its own specific oxidation rate since pores and oxide films separated the
individual splats. Those splats, already Cr-depleted during plasma spraying (section 5.1.3),
developed rapidly growing, poorly protective scales due to the low Cr content of the alloy.
Along the bondcoat / TBC interface the highest oxidation rates occurred, probably because
the outer part of the bondcoat had more access to steam. The rapidly growing scales induced
mechanical stresses into the TBC and eventually caused it to fracture until finally catastrophic
failure of the ceramic occured. Since virtually no oxide from the bondcoat was found on the
spalled TBC (Fig. 5.36) the ceramic apparently did not fail due to oxide spalation.
Furthermore, a small CTE mismatch exists between Fe22Cr and ZrO2/7wt%Y2O3. The bulk
alloy possesses a thermal expansion coefficient of 11.4*10-6/K [ThyssenKrupp-1] between 25
and 600°C, while the value for the ceramic is 10 to 11*10-6/K [Withey-1] in the same
temperature range. Both values differ by less than 10%. Therefore, it is unlikely that the CTE
mismatch caused the observed TBC fracture. Furthermore, the cermet-like microstructure of
the bondcoat is believed to reduce the coating ductility. Under mechanical load such a
material would fracture internally thus compensating for much of the CTE mismatch.
In spite of poor properties as bondcoat for TBCs, the Fe22Cr coatings still offer substantial
oxidation protection to the substrate material up to the exposure time of 10000h. As apparent
from Fig. 5.37, the uncoated 1%Cr-steel developed scales of several hundred µm thickness
after 10000h exposure to Ar-50%H2O at 600°C. Under the same conditions Fe22Cr-coated
specimen areas only show the presence of minor internal oxidation. This zone of internal
oxidation is similar to that observed beneath Ni20Cr coatings on 1%Cr-steel.
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Fig. 5.37: Cross-sections of atmospheric plasma sprayed Fe22Cr coatings on 1%Cr-steel; (a)
after 10000h exposure at 550°C in Ar-50%H2O; (b) after 10000h exposure at 600°C in Ar50%H2O; the left sides of the figures show the uncoated steel surfaces
Interdiffusion
In all samples investigated, clear indications of coating / substrate interaction occurred. C
diffused from the 1%Cr-steel into the coating to form substantial amounts of Cr-carbides (Fig.
5.38). Already after 1000h at 600°C the formation of carbides could clearly be observed in
sample cross-sections. After 3000h at 550 or 600°C the diffusion front crossed the entire
bondcoat and reached the interface to the TBC. Size and amount of carbides were sufficiently
large to enable their identification in optical micrographs (Fig. 5.38a). EDX point analyses
and mappings proved the precipitations to be Cr-carbides (Fig. 5.38b, Fig. 5.39). The
measurements also revealed Cr depletion in the vicinity of the newly formed precipitates.
Locally, the Cr content of the matrix dropped to less than 6%. However, there are no
detrimental effects expected for the oxidation behaviour of the coatings since the carbides are
considered to be reservoir phases for the oxide scale formation. They dissolve as soon as the
Cr activity in the surrounding matrix substantially decreases. This assumption is correct only
if the transport of Cr from the matrix phase to the surface of the oxidising particle is slow
compared to the dissolution of the carbides. If the dissolution of the carbides is too slow, than
rapid Cr depletion resulting in breakaway oxidation may occur.
Besides Cr-carbides, nitrogen-rich phases were found in oxidation tested Fe22Cr coatings.
The nitrides were, however, not found in the whole coating but were only present in form of
small clusters in some of the bondcoat splats. Their existence was found in element mappings
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such as those in Fig. 5.39. As in the case of C, the N reacted with Cr and formed Cr-nitrides.
The source of the nitrogen remains uncertain. When analysed, neither in the feedstock powder
nor in the as-received coatings nitrides could be detected. The randomly distributed nitride
clusters also make a nitrogen diffusion from the substrate material unlikely. The only
reasonable explanation for the formation of nitrides is the contamination of the spraying
powder during the coating process. If the molten powder particles in the plasma jet adsorbed
enough nitrogen from the surrounding atmosphere they possibly formed nitrides during the
subsequent high temperature exposure.
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To obtain more insight in the phase composition of steam-exposed Fe22Cr coatings, a number
of samples were analysed by XRD. From the sample shown in Fig. 5.34a a bondcoat sample
was prepared by removing the TBC. This sample was then stepwise thinned by grinding.
After each grinding step an XRD analysis was carried out (Fig. 5.40). The first measurement
(grey curve) occurred on the TBC / bondcoat fracture surface, therefore exhibiting strong
peaks of yttria stabilised zirconia. The oxide scale on top of the bondcoat, which caused the
TBC to delaminate, was found to consist of hematite and phases with spinel structure. After
removing the upper part of the bondcoat, the second XRD pattern (black curve) still yielded a
strong signal of TBC material and several oxides such as Cr2O3 and Fe2O3. As the bondcoat
was further thinned, the amount of YSZ t’-phase steadily decreased and the phases present in
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the bondcoat became more clearly visible. In the central part of the coating, Cr2O3 and spinel
replaced Fe2O3 as the main oxide phases. Also the newly formed carbides started to appear
(green, blue and red curve in Fig. 5.40). Their identification was hindered by the large number
of peaks and by peak overlapping. Only the structure of M23C6 carbides could be identified
with adequate certainty. The existence of Cr7C3 remains speculative. No nitrides were
observed since their content in the coating was below the detection limit. The last XRD
pattern (red curve) was recorded after the bondcoat thickness was reduced to 40µm. In this
location, i.e. close to the substrate, Fe2O3 was almost completely replaced by Cr2O3.
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Fig. 5.39: Backscattered electron image and X-ray element mappings of a cross-sectioned
atmospheric plasma sprayed Fe22Cr coating on 1%Cr-steel after 3000h exposure at 600°C in
Ar-50%H2O
XRD and electron microscopy data enabled no absolutely certain assessment of the phase
composition of the Fe22Cr coatings after exposure. Therefore, thermodynamic calculations
were carried out to check which phases should occur in thermodynamic equilibrium (Fig.
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5.41). When up to 1.5wt% of C is added to Fe22Cr only the M23C6 carbide forms. The relative
amount of this phase reaches a maximum of 31mol% at 1.5wt% of C. At higher C contents
M7C3 replaces the M23C6 carbide. At a C content of 1.5 to 2wt% both carbides coexist. Since
the XRD data shows that M7C3 and M23C6 are present in the lower part of the bondcoat it can
be assumed that the C content in the bondcoat close to the interface to the steel substrate is in
the range of 1.5 to 2wt% C (Fig. 5.41).
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Fig. 5.40: X-ray diffraction patterns of an Fe22Cr bondcoat on 1%Cr-steel. The sample was
tested for 3000h at 600°C in Ar-50%H2O. The measurements were taken at different distances
(approximately 160, 120, 80, 60 and 40µm) from the bondcoat / substrate interface by
stepwise grinding of the Fe22Cr coating.
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Fig. 5.41: Thermodynamic equilibrium calculation of the phase composition of Fe22Cr + C at
600°C [Thermo-Calc-2]
Summary
Summarizing it can be said that the investigated atmospheric plasma sprayed Fe22Cr coatings
on 1%Cr-steel seem to be unsuitable for steam turbine applications at 550 to 600°C.
Catastrophic TBC failure and severe bondcoat / substrate interaction occurred. The TBC
failure caused by bondcoat oxidation might be avoided by depositing oxide-free coatings
instead of the already partly Cr-depleted specimens investigated in the present work. C
diffusion from the ferritic / martensitic steel into the coating is regarded to be a point of
concern. The large amounts of carbides may alter the mechanical properties of the coatings,
especially ductility. In spite of its insufficient suitability to support a TBC the investigated
Fe22Cr coating still provided good oxidation protection to the 1%Cr-steel up to 10000h.
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5.2.3.3 CoNiCrAlY bondcoat on 1%Cr-steel
Oxidation
Fig. 5.42 shows optical micrographs of samples in the as-sprayed condition and after exposure
to Ar-50%H2O at 550 and 600°C. The tested specimens exhibit no TBC damage. The
interface between TBC and bondcoat is free of cracks.
The coatings show no clear indication of oxidation. However, since the material is not inert in
Ar-50%H2O the alloy was assumed to form sub-micrometer thin oxide scales which are
hardly detectable, even by electron microscopy. These scales presumably consist of Al2O3
(Fig. 5.45), whereby metastable phases (such as  and/or ) may be formed at these relatively
low temperatures.
In contrast to the bondcoat the ferritic / martensitic substrate was significantly affected by
oxidation. The 1%Cr-steel developed a scale that penetrated into cavities along the bondcoat /
substrate interface (Fig. 5.42b - e). Such oxide layers covered approximately 20 to 25% of the
interface. The scale growth into the pores of the bondcoat showed no clear temperature
dependence. The penetration depth of the Fe-oxide into the bondcoat strongly depended on
the pore morphology in the bondcoat which tend to vary between various coatings (Fig. 5.42d,
e) and even locally within one coating (Fig. 5.43).
After 1000h at 550 or 600°C the maximum penetration depth of the Fe-oxides into the
bondcoat was approximately 40µm. It increased to 60µm after 3000h and 65µm after 10000h.
It should be mentioned that such deep oxide intrusions only occurred locally. The typical
bondcoat condition after the oxidation experiment, as an example, shown in Fig. 5.42e. None
of the observed oxide penetrations reached the vicinity of the bondcoat / TBC interface.
Comparison of as-received and steam-exposed samples showed no clear indications that the
Fe-based oxides adversely affected the protective properties of the bondcoat, likely because
the oxides only occupied pre-existing cavities without causing further sample alteration like
coating spallation or cracking.
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Fig. 5.42: Cross-sections of atmospheric plasma sprayed CoNiCrAlY coatings on 1%Cr-steel.
(a) as-sprayed condition; (b) after 1000h exposure at 550°C in Ar-50%H2O; (c) after 1000h
exposure at 600°C in Ar-50%H2O; (d) after 10000h exposure at 550°C in Ar-50%H2O; (e)
after 10000h exposure at 600°C in Ar-50%H2O
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Fig. 5.43: Cross-sections of an atmospheric plasma sprayed CoNiCrAlY coating on 1%Crsteel in the as-sprayed condition; (a) location with small pores inside the bondcoat; (b)
location with large pores close to the interface to the steel
The assumed mechanism of the growth of Fe-base oxides into bondcoat pores was already
described in chapter 5.2.3.1 for Ni20Cr bondcoats. In case of the CoNiCrAlY coating the
penetration depth of the Fe-oxide was found to be larger than in case of Ni20Cr, due to more
substantial porosity of the CoNiCrAlY coatings. The increased porosity caused the coating to
be less gastight and supplied more space for the growing scale. It was concluded that coatings
with little open pores offer better oxidation protection to the substrate than coatings with a
large amount of open porosity. Fig. 5.44 and Fig. 5.45 show that the oxides on the 1%Cr-steel
consist of Fe-oxides. Fig. 5.42d even allows distinguishing different oxide phases as the
colour of the light-grey hematite on top of the scale differs from the dark-grey magnetite
underneath.
To study possible Fe-oxide / bondcoat interactions the linescan shown in Fig. 5.45 was made.
It reveals that an enrichment of Al and Cr occurs at the interface between the Fe-base oxide
and the bondcoat. The width of the enrichment zone is a few tenths of a µm. It can be divided
into an Al enrichment in contact with the Fe-oxide and an adjacent Cr rich layer in contact
with the alloy. More detailed analysis revealed the Cr peak to originate from an almost Nifree region containing some Co. The linescan indicates the formation of an extremely thin
Al2O3 scale on the CoNiCrAlY. These very thin scales after 10000h steam exposure confirm
the excellent oxidation resistance of the CoNiCrAlY. The absence of a clearly visible O peak
for Al2O3 in the EDX oxygen spectrum at the Fe-oxide / bondcoat interface is explained by
the fact that the O peak for Al2O3 overlapped with the O peak of the adjacent Fe-oxide. The
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Cr peak is believed to represent a small Al depletion zone consisting of -phase. -phase is
rich in Cr and Co but poor in Ni (see thermodynamic calculation Fig. 5.48). The linescan
yielded no indication of interaction between the Fe-oxide and the bondcoat.

Fe

Al

Cr

O

CoNiCrAlY

1%Cr-steel

Co

Ni

Fig. 5.44: Backscattered electron image and X-ray element mappings of a cross-sectioned
atmospheric plasma sprayed CoNiCrAlY coating on 1%Cr-steel after 10000h exposure at
600°C in Ar-50%H2O
Besides the outward growing Fe-base oxides which penetrate the bondcoat the ferritic /
martensitic substrate also developed some internal oxidation. These oxide precipitates formed
a continuous band along the bondcoat / steel interface. It consisted of a close-meshed network
of sub-micrometer thin internal oxides (Fig. 5.46). After 550°C exposure the oxide zone had a
width of up to 12µm after 1000h and 17µm after 10000h. At 600°C it ranged from 21µm after
1000h to maximum 43µm after 10000h. Thus, after 10000h the zone of internal oxidation in
specimens tested at 550°C possessed less than half the thickness compared to samples
exposed at 600°C. The pronounced temperature dependence of the internal oxidation was not
observed for the outward growing oxides which penetrated the bondcoat. The growth of the
outer oxides is governed by the pore morphology rather than the temperature. Fig. 5.44
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indicates the internal oxides to consist of Cr2O3 as Cr enrichments occur inside the affected
zone.
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Ni
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Co
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Fig. 5.45: Backscattered electron image and

Fe-Oxide

line scan of a cross-sectioned atmospheric
plasma sprayed CoNiCrAlY coating after
10000h exposure at 600°C in Ar-50%H2O.
The oxide in the upper part of the picture
belongs to the scale which developed on the
1%Cr-steel and which grew into the pores of

CoNiCrAlY

the bondcoat.
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Interdiffusion
Fig. 5.46 shows EDX measurements performed to check the extend of bondcoat / substrate
interdiffusion. The analysis of the substrate yielded peaks for Fe, Cr, Si and Mo. No elements
present in the CoNiCrAlY coating were found. In the CoNiCrAlY only bondcoat elements
were detected. The absence of interdiffusion is further confirmed by the element mappings of
Fig. 5.44. The most likely explanation for the fact that no interdiffusion occurred is the
formation of the thin Al2O3 layer at the surface of the CoNiCrAlY splats described above.
These Al2O3 scales act as an effective diffusion barrier and might have formed already during
the coating process due to reaction with oxygen from the spraying atmosphere. Alternatively,
the oxide may have formed in the early stages of the oxidation experiment before substantial
bondcoat / substrate interdiffusion could occur.

CoNiCrAlY

1%Cr-steel

Internal
oxidation

Fig. 5.46: Backscattered electron image and EDX spectra of a cross-sectioned atmospheric
plasma sprayed CoNiCrAlY coating on the 1%Cr-steel after 10000h exposure at 600°C in Ar50%H2O
Microstructural changes
Typical microstructures of the CoNiCrAlY coatings exposed in Ar-50%H2O for 10000h are
shown in Fig. 5.47. The sample tested at 550°C displays a similar appearance as that tested at
600°C. Both coatings exhibit precipitates which were absent in as-received samples. When
analysed by electron microscopy it was found that the splats and powder particles which build
up the coating, consist of a mixture of several phases (Fig. 5.48). In contrast, as-received
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coatings showed a homogeneous element distribution and a single-phase character as
mentioned in chapter 5.1.4. EDX measurements on a steam-exposed coating enabled the
identification of ,  and -phase. The measured phase compositions are given in the table of
Fig. 5.48. In addition the results of thermodynamic calculations are listed. These calculations
represent the chemical composition of the phases occurring in the CoNiCrAlY in
thermodynamic equilibrium at 600°C. In general, the calculations are in good agreement with
the experimental results with a deviation of a few wt%. These deviations may partly be
related to the small size of the precipitates and the limited lateral resolution of the EDX
analyses. The largest differences occurred in case of the -phase as the measured Cr content
was 10wt% smaller than the calculated value. Since experimental data and theoretical
predictions yielded similar results, the investigated coating is believed to have reached a state
close to thermodynamic equilibrium. Therefore, after operating times longer than 10000h only
minor changes in the phase composition of the coatings are expected to occur. Obviously, this
applies for the tested material combination in the investigated temperature range of 550 to
600°C and under the condition that the oxidation rates are not substantially larger than in the
prevailing case.
(a)

(b)

Fig. 5.47: Cross-sections of atmospheric plasma sprayed CoNiCrAlY coatings after 10000h
exposure in Ar-50%H2O at (a) 550°C and (b) 600°C
Fig. 5.49 shows XRD patterns of a series of CoNiCrAlY coatings exposed to 550 and 600°C
for several exposure times. The as-received specimen exhibits just a few diffraction peaks.
They are broad, indicating the low crystallinity of the material. After several 1000h exposure
at elevated temperatures the patterns significantly changed. Already existing peaks sharpened
or split up and new peaks emerged.
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Fig. 5.48: Backscattered electron image and EDX measurements of a cross-sectioned
atmospheric plasma sprayed CoNiCrAlY coating on 1%Cr-steel after 10000h at 600°C in Ar50%H2O. The right part of the table shows phase compositions in thermodynamic equilibrium
calculated for the CoNiCrAlY at 600°C [Thermo-Calc-1].
At 600°C the coatings apparently reached a stable phase composition after exposure times in
the range of 1000 to 3000h because upon longer exposure times no further changes in the
diffraction patterns occurred (Fig. 5.49b). The phase composition in the stable state consists
of ,  and -phase. These results agree with the above-presented EDX measurements and
equilibrium calculations. During exposure at 550°C a steady change in the XRD patterns can
be observed (Fig. 5.49a) up to 10000h. However, the 10000h results appear to be almost
identical to those of the 600°C sample after 3000 and 10000h. Therefore, the coatings
exposed at 550°C for 10000h are believed to have also reached a state close to
thermodynamic equilibrium. The time difference for establishing thermodynamic equilibrium
at the two temperatures is expected because of the temperature dependence of the diffusion
processes inside the coatings.
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Fig. 5.49: X-ray diffraction patterns of atmospheric plasma sprayed CoNiCrAlY coatings
exposed for different times in Ar-50%H2O at (a) 550°C and (b) 600°C
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5.2.3.4 Comparison of coating behaviour on 1%Cr-steel
The preceding chapters described the behaviour of different bondcoats on the 1%Cr-steel
during exposure in Ar-50%H2O at 550 and 600°C for up to 10000h. These data are now
summarised and compared to illustrate differences in long-term performance of the various
bondcoats.
Fig. 5.50 compares cross-sections of the three investigated bondcoats after the maximum test
duration of 10000h at 600°C. The oxidising atmosphere at the high temperatures clearly
altered all samples. Most important to mention is the catastrophic TBC failure observed on
Fe22Cr coatings (Fig. 5.50b). This was caused by the poor oxidation resistance of the
bondcoat which mainly occurred during the plasma spraying process in which significant
amounts of oxides were formed and partial Cr depletion of the coating occurred. In case of
Ni20Cr and CoNiCrAlY bondcoats no TBC damage was observed up to the maximum
exposure times of 10000h (Fig. 5.50a, c) because these coatings showed excellent oxidation
properties. This especially applies to the CoNiCrAlY coating which developed submicrometer thin Al2O3 scales.
All bondcoats provided significant oxidation protection to the ferritic / martensitic substrate
material. The protective effect is illustrated in Fig. 5.51. The degree of oxidation protection
provided by the coating is strongly affected by the microstructure of the bondcoat. Important
coating properties are porosity and gas-tightness. Very dense coatings such as Fe22Cr only
allowed for the formation of minor internal oxidation in the upper region of the substrate. The
open pores of Ni20Cr enabled an oxide scale to grow from the 1%Cr-steel into bondcoat
cavities. This process was even more pronounced in case of CoNiCrAlY coatings due to their
more pronounced porosity. However, the observed Fe-rich oxide scales never even came
close to the bondcoat / TBC interface nor did they cause any damage to the bondcoat up to the
exposure times of 10000h.
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Fig. 5.50: Cross-sections of several atmospheric plasma sprayed bondcoats on 1%Cr-steel
after 10000h exposure at 600°C in Ar-50%H2O comparing behaviour of (a) Ni20Cr; (b)
Fe22Cr; (c) CoNiCrAlY

Ni20Cr
1%Cr-steel
Oxide scale on
uncoated steel
Fig. 5.51: Typical illustration showing the oxidation protection provided to the 1%Cr-steel by
bondcoats; comparison of steel oxidation on coated and uncoated specimen surfaces after
10000h exposure at 600°C in Ar-50%H2O
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CoNiCrAlY coatings showed no interdiffusion with the steel substrate. In case of the Fe22Cr
coating significant C diffusion from the 1%Cr-steel into the coating caused the formation of
substantial amounts of Cr-carbides (Fig. 5.52). They altered the microstructure and hence also
the mechanical properties of the coating. In case of the Ni20Cr coating nickel diffused from
the coating into the ferritic / martensitic 1%Cr-steel which resulted in the formation of local
austenitisation (Fig. 5.53). At 600°C this process proceeded, as expected, faster than at 550°C.
Interdiffusion and austenisation are believed to continue as long as the material is exposed to
elevated temperatures. Therefore, it is assumed that no thermodynamic equilibrium in the
outer part of the steel substrate will be reached even after several 10000h of service. The longterm effects of the austenisation are hard to predict. The interdiffusion could improve the
adherence of bondcoat and substrate due to the formation of a metallic bond at the locations
where interdiffusion occurs. On the other hand, the austenitic regions in the surface area of the
steel possess different physical properties than the ferrite. The different coefficients of thermal
expansion for example could result in increased thermal stresses between coating, ferrite and
austenite upon temperature changes.

Ni20Cr
Carbides

Austenised
domain
1%Cr-steel

Fig. 5.52: Illustration of bondcoat / substrate Fig. 5.53: Illustration of bondcoat / substrate
interaction; carbide formation in Fe22Cr due interaction; austenisation of 1%Cr-steel due to
to C diffusion (3000h, 600°C, Ar-50%H2O)

Ni diffusion (10000h, 600°C, Ar-50%H2O)

The phase composition of Ni20Cr coatings exhibited no detectable alteration during high
temperature exposure. The main microstructural change in Fe22Cr bondcoats was carbide
formation resulting from interdiffusion processes. CoNiCrAlY coatings underwent significant
phase changes during exposure. The coatings reached an apparent stable phase composition
after 10000h at 550°C and after approximately 3000h at 600°C. No obvious detrimental
effects resulted from these phase changes.
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In summary, CoNiCrAlY coatings showed the best performance on 1%Cr-steel. Neither TBC
nor bondcoat exhibited detectable damage after the maximum test duration. The only adverse
effect observed in case of CoNiCrAlY coated steel was the formation of Fe-oxides on top of
the steel substrate, growing into the pores of the bondcoat. Producing less porous coatings can
reduce this damage of the 1%Cr-steel. Also Ni20Cr coatings exhibited good performance.
The oxidation protection provided to the substrate material was even better than in case of
CoNiCrAlY coatings. A possible detrimental effect of Ni interdiffusion and the resulting
austenisation of the ferrite cannot be excluded with certainty. The investigated Fe22Cr
coatings proved to be unsuitable as bondcoats for TBCs during long-term operations. Their
performance might be significantly improved by manufacturing less oxidised coatings, e.g. by
vacuum plasma spraying, using a coarser spraying powder or using a more oxidation resistant
composition. However, also by these measures C interdiffusion resulting in carbide formation
in the coating are unlikely to be prevented.
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5.2.4 Coatings on 10%Cr-steel
Martensitic 9 to 12%Cr-steels are currently commonly used as construction materials for heat
exchanging components in steam power plants and various parts in steam turbines. They are
employed at service temperatures as high as 620°C. Developments are going on to even
increasing the steam temperatures up to 650°C. At such high temperatures 9 to 12%Cr-steels
suffer from reduced creep strength and strongly reduced oxidation resistance. Therefore,
protective coatings providing thermal insulation as well as oxidation protection are required.
In this study, the behaviour of a martensitic ferritic / martensitic steel of the type 10CrMo
coated with three different bondcoats and a TBC was investigated during long-term exposure
in Ar-50%H2O. The oxidation tests were carried out at 600 and 650°C. In the following
sections the results obtained for the various coatings will be presented separately and the
relative differences in performance of the various coatings will be compared in the final
section.

5.2.4.1 Ni20Cr bondcoat on 10%Cr-steel
Oxidation
Fig. 5.54 shows optical micrographs of specimens in the as-sprayed condition and after the
maximum test duration of 10000h. The tested coatings exhibit no macroscopically visible
damage. The TBC adhesion appears to be excellent. The ceramic material as well as the TBC
/ bondcoat interface is free of cracks.
Ni20Cr coatings on the 10%Cr-steel were completely covered by TBCs. Therefore, no XRD
measurements to investigate the phase composition of the bondcoats after steam exposure
could be carried out. However, the phase composition and oxidation behaviour of Ni20Cr
coatings after Ar-50%H2O exposure were already described in section 5.2.3.1. The results
given there relate to coatings sprayed on 1%Cr-steel. Since the oxidation behaviour and phase
composition of the bondcoat appeared to be hardly affected by the substrate material, the
findings are assumed to be applicable to the Ni20Cr coatings on the 10%Cr-steel.
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After 10000h exposure at 600°C in Ar-50%H2O, the Ni20Cr coatings on the 1%Cr-steel
consisted of -Ni20Cr and minor amounts of Cr2O3. The coatings on the 10%Cr-steel are
expected to display very similar features as in case of Ni20Cr on 1%Cr-steel. At 650°C oxide
formation in Ni20Cr should be more pronounced. However, the thin Cr2O3 scales (usually
<1µm) found after 10000h could not unequivocally be derived. No unequivocal
differentiation between oxide scales resulting from the plasma spraying process and those
developed during high temperature exposure was possible.
TBC

(a)

Ni20Cr

10%Cr-steel
(b)

TBC

(c)

Ni20Cr

TBC

Ni20Cr

10%Cr-steel

10%Cr-steel

Fig. 5.54: Cross-sections of atmospheric plasma sprayed Ni20Cr coatings on 10%Cr-steel; (a)
as-sprayed condition; (b) after 10000h exposure at 600°C in Ar-50%H2O; (c) after 10000h
exposure at 650°C in Ar-50%H2O
All Ni20Cr bondcoats provided significant oxidation protection to the substrate material.
After 10000h at 600°C a continuous oxide scale approximately 100µm in thickness had
developed on the uncoated 10%Cr-steel (Fig. 5.55a). Beneath the bondcoat the steel oxidation
only consisted of minor internal oxide formation and a discontinuous outwardly grown oxide
layer. The internal oxidation was found at approximately 1/3 of the bondcoat / substrate
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interface. It extended to a maximum depth of 10µm into the steel substrate. The outward
growing oxides appeared almost identical to those observed on the coated 1%Cr-steel (see
section 5.2.3.1). They only occurred in pre-existing cavities along the Ni20Cr / substrate
interface and grew into the pores of the bondcoat. The penetration depth of the Fe-base oxide
into the coating strongly varied from location to location, because of the local variations in
bondcoat morphology. At 600°C the maximum penetration depth after 1000, 3000 and
10000h amounted to approximately 40, 40 and 55µm respectively. It should be mentioned
that these maxima occurred only locally. Most of the pores of the bondcoat remained free of
oxide. The composition of the oxide is apparent from Fig. 5.56. They consisted of Fe-oxide
containing a significant amount of Cr.
(a)

Epoxy resin

(b)

Ni20Cr

Epoxy resin

Ni20Cr

10%Cr-steel

10%Cr-steel

Fig. 5.55: Cross-sections of atmospheric plasma sprayed Ni20Cr coatings on 10%Cr-steel
showing coated and uncoated steel surfaces after 10000h exposure in Ar-50%H2O at (a)
600°C and (b) 650°C
Ni20Cr
Outer scale

10%Cr-steel

Internal oxidation

Fig. 5.56: Backscattered electron image and EDX measurement of a cross-sectioned
atmospheric plasma sprayed Ni20Cr coating on 10%Cr-steel after 1000h exposure at 600°C in
Ar-50%H2O. Figure illustrates oxide formation near steel / coating interface.
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After 10000h exposure at 650°C the width of the zone of internal oxidation was
approximately 15µm. The Fe-rich oxides penetrated into the bondcoat pores up to 62, 65 and
57µm after 1000, 3000 and 10000h respectively. But as already mentioned above, these
effects only locally occurred and most of the pores of the coating remained free of oxide. The
growth rate of the outward growing oxide is difficult to estimate. The oxide shows fast
thickening in the early stages of the oxidation experiments but only little increase after longer
test durations. Therefore, the oxide is believed to initially grow like a ‘normal’ oxide scale on
an uncoated 10%Cr-steel until it grows into narrow pores (compare schematic illustration in
Fig. 5.30). After the scale passed through the narrow pore into a larger cavity, the growth of
the oxide layer is very slow since the diffusion path for the outward diffusion of Fe has only a
small cross-section in the narrow pore. Thus, narrow pores significantly slow down the
growth rate of the outward growing oxide on the 10%Cr-steel. As in the case of 1%Cr-steel,
the oxides observed on the 10%Cr-steel also caused no apparent sample damage. Oxides only
developed in pre-existing cavities. Comparison with as-received specimens showed no
indication that these cavities did get wider when they were filled with oxide.
The protective effect provided to the 10%Cr-steel by atmospheric plasma sprayed coatings is
also described in literature. The wear resistant Revetox® coating was found to almost
completely suppress scale formation [Żurek-1]. After 10000h at 600 or 650°C in Ar-50%H2O,
only some internal oxidation was found. Since these coatings were extremely dense, no Ferich oxide could penetrate into the coating layer. The same was reported for HVOF sprayed
Ni20Cr and Ni50Cr coatings [Sundararajan-1,2,3,4,5]. These coatings possessed no open
porosity and were gas-tight. After 1000h at 600°C in steam no oxide scale formation at the
coating / 9%Cr-steel interface occurred. The authors also investigated atmospheric plasma
sprayed Ni20Cr and Ni50Cr coatings on a 9%Cr-steel. After 1000h at 600°C in steam the
porous coatings caused the formation of a discontinuous oxide scale on the steel that
penetrated into the pores of the coating. Durham et al. [Durham-1] investigated HVOF
Ni20Cr coatings on 9%Cr-steels. The coatings were reported to form thin oxide layers on the
splat boundaries in the as-received condition. After 1000h oxidation at 650°C in Ar-50%H2O
a thin non-continuous iron-chromium oxide layer was found at the coating / substrate
interface. The oxides were described to coincide with open pores exposed to the oxidising
environment. Thus, literature data is in qualitative agreement with the results presented in this
study. The literature data again confirm that very dense and gas-tight coatings provide
significantly improved oxidation protection compared to porous coatings produced by APS.
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Interdiffusion
After high temperature exposure substantial interaction between Ni20Cr bondcoats and
10%Cr-steel was observed. All samples showed austenised domains in the steel along the
interface to the bondcoat (Fig. 5.57). These domains covered approximately 2/3 of the steel /
coating interface. They originated from the diffusion of Ni from the bondcoat into the ferritic /
martensitic substrate. The austenised regions consisted of an inner, light-grey zone in direct
contact with the bondcoat (Fig. 5.57a), which was surrounded by a dark-grey transformation
zone. Etching with V2A etchant and H2MoO4 yielded a better differentiation between ferrite
and austenite regions (Fig. 5.57b). The etching also revealed that the ferrite is separated from
the austenised zones by a clearly visible phase boundary.
(a)

Ni20Cr

(b)

Ni20Cr

Interdiffusion
zone

Interdiffusion
zone

Ferrite-austenite
10%Cr-steel phase boundary

10%Cr-steel

Fig. 5.57: Cross-sections of an atmospheric plasma sprayed Ni20Cr coating on 10%Cr-steel
after 10000h exposure at 650°C in Ar-50%H2O; (a) unetched; (b) etched with V2A etchant
and H2MoO4
The maximum penetration depth of the interdiffusion zone into the 10%Cr-steel after 1000,
3000 and 10000h is given in appendix I. This Figure shows a time as well as a temperature
dependence for the austenisation process. The penetration depth of the austenitic regions into
the steel apparently increases according to an approximate parabolic rate. After 10000h
exposure the maximum penetration depths were 32 and 48µm at 600 and 650°C respectively.
The differences result from the higher diffusion coefficient of Ni at higher temperatures. The
size of the austenised domains in 10%Cr-steel after the same exposure time at 600°C
significantly differs from that in the 1%Cr-steel. After 10000h exposure the penetration depth
of the austenised region into the 1%Cr-steel is by approximately 30% smaller than in the
10%Cr-steel (Appendix I).
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Fig. 5.58 shows that after 10000h exposure at 650°C Fe interdiffusion between bondcoat and
substrate occurred. The element mappings indicate that Fe apparently diffused into the coating
along the whole bondcoat / steel interface. Inside the bondcoat the diffusion of Fe was
affected by the microstructure of the coating, e.g. its numerous pores. Hence, the penetration
depth of Fe into the bondcoat was significantly smaller than that of Ni into the ferritic /
martensitic steel.
Ni20Cr

Interdiffusion
zone
10%Cr-steel

Ni

O

Cr

Fe

Mn

Fig. 5.58: Backscattered electron image and X-ray element mappings of a cross-sectioned
atmospheric plasma sprayed Ni20Cr coating on 10%Cr-steel after 10000h exposure at 650°C
in Ar-50%H2O
The bondcoat / substrate interdiffusion was analysed in detail by EDX measurements (Fig.
5.59, the location shown in this picture is identical with that in Fig. 5.57b). The element
profiles clearly show that Ni diffused from the bondcoat into the steel, while Fe diffused into
the opposite direction. In the steel several regions with different Ni contents can be identified.
Each region shows an almost constant Ni concentration. In the Ni element profile the
individual regions are separated by a significant increase or decrease in the Ni concentration.
These regions of different Ni content in the spectrum of Fig. 5.59 correspond to the different
regions of the austenised domains visible in the optical micrographs (Fig. 5.57). The lightgrey area of the austenised zone in Fig. 5.57 exhibits a Ni content of approximately 27wt%
(Fig. 5.59 point 2) and thus consists of pure austenite (Fig. 5.60). The adjacent dark-grey zone
has a Ni content of 8wt% (Fig. 5.59 point 3). The Ni-Fe-Cr phase diagram at 650°C (Fig.
5.60) shows that this composition is located in the + phase field. The Ni content in this
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location is too low to form pure austenite so it coexists with ferrite. In point 4 in Fig. 5.59 the
Ni concentration is lower than 2wt%. In this region only ferrite is thermodynamically stable
according to the Ni-Fe-Cr phase diagram.
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Fig. 5.59: Backscattered electron image and line scan of a cross-sectioned atmospheric plasma
sprayed Ni20Cr coating on 10%Cr-steel after 10000h exposure at 650°C in Ar-50%H2O
showing different phases occurring in interdiffusion zone (data of EDX measurements in
wt%)
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Based on these results, the austenisation of the 10%Cr-steel is assumed to proceed in three
steps. First, Ni diffuses into the steel to form a bcc solid solution with Fe, Cr and other
alloying elements. Next, in locations where Ni diffusion from the bondcoat into the steel
occurs, the Ni content of the steel increases to 2 to 3wt%, which causes some of the ferrite to
transform into austenite. Finally, the Ni concentration in the steel approaches a value above
which ferrite ceases to be thermodynamically stable. Thus, these regions of the steel become
completely austenised.
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Fe
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Fig. 5.60: Section of the ternary Ni-Fe-Cr phase diagram at 650°C [Raynor-1]; the marked
compositions represent the EDX measurement shown in Fig. 5.59
The Ni linescan of the bondcoat / steel interdiffusion zone of the 10%Cr-steel (Fig. 5.59)
significantly differs from the Ni linescan of the interdiffusion zone in the Ni20Cr-coated
1%Cr-steel (Fig. 5.32). In case of the 1%Cr-steel the whole austenised area shows a Ni
content of approximately 23 to 28wt%. Hence, the inner and outer part of the austenisation
zone completely consist of austenite. The linescan and the EDX measurements showed no
evidence that  and  coexist in the austenisation zone. Thus, the austenisation of the 1%Crsteel apparently proceeded in one step from ferrite into austenite, without the formation of a
zone where the two phases are present, as it was the case for the 10%Cr-steel. The absence of
the zone with ferrite and austenite is not in agreement with the ternary Ni-Fe-Cr phase
diagram (Fig. 5.60) because the phase diagram shows that the phase-fields of  and  are
separated by a phase-field where the two phases coexist. However, in respect to phase
equilibria, the 1%Cr-steel behaves like “pure iron”, and thus the ternary Ni-Fe-Cr system can
be reduced to the binary Fe-Ni system. In the two phase system the austenisation proceeds in
one step from ferrite into austenite, without the formation of the --zone. The differences in
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the austenisation process between 1% and 10%Cr-steel may be a reason for the different
penetration depths of the austenitic region observed in the two steels at 600°C (Appendix I).
As apparent from Fig. 5.59 no detectable Cr interdiffusion between the bondcoat and the
10%Cr-steel occurred. Cr is enriched at the bondcoat / steel interface (Fig. 5.58 and Fig. 5.59)
in form of oxides. After 10000h exposure at 650°C the Cr content in the bondcoat region near
the interface is approximately 10wt%. Even if the 28wt% of Fe present in this region are
excluded, the Cr concentration only increases to approximately 16wt%. Thus, the Cr is
depleted as a result of oxide formation and the assumed formation of Cr-carbides. The latter
are believed to represent the small dark-grey phases found in the bondcoat near the interface
with the substrate material (Fig. 5.58 and Fig. 5.59). These carbides are expected to form due
to C diffusion from the steel substrate into the coating, a process well documented in literature
[Sundararajan-1,2,3,4,5] for Ni20Cr and Ni50Cr coatings on 9%Cr-steel. Carbide formation is
more pronounced in high Cr coatings and at high temperatures. In the case of Ni50Cr the
large amount of carbides formed were found to significantly hamper the Ni and Fe
interdiffusion [Sundararajan-2]. Such a continuous carbide layer which acts as a diffusion
barrier was not reported for Ni20Cr coatings and is also absent in the samples studied in the
present investigation.
Sundararajan et al. [Sundararajan-1,2,3,4,5] also published results on Ni and Fe interdiffusion.
They investigated Ni20Cr and Ni50Cr APS and HVOF coatings on a 9%Cr-steel. However,
despite the fact that both kinds of Ni20Cr coatings were presented jointly in one paper, only
diffusion data for HVOF coatings were given. Ni was found to penetrate approximately 25µm
into the ferritic steel during 1000h exposure at 650°C. At lower temperatures diffusion
significantly slowed down. A step profile as shown in Fig. 5.59 was not reported
[Sundararajan-1]. Instead, the Ni concentration steadily decreased from the bondcoat /
substrate interface into the steel. Furthermore, no austenisation was mentioned in the
publications although it must be assumed that it actually occurred. Fe diffusion was reported
to proceed at a similar rate as found for Ni. Comparison of the mentioned literature data with
own results turned out to be difficult. Since Ni20Cr HVOF coatings possess very low
porosity, no interface oxidation, which acts as a diffusion barrier, occurs. In contrast, the APS
Ni20Cr coatings presented in this chapter show numerous pores and oxide films that slowed
down the Fe diffusion into the coating. Similarly, the local formation of an oxide scale
between bondcoat and steel impeded the interdiffusion. Instead of a continuous diffusion front
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many small austenitic regions formed. Thus, the maximum Ni penetration depth decreased
compared to the case of a non-oxidised interface. Theoretical data for Ni diffusion in -Fe
exist but are unsuitable for the present case. These data disregard grain boundary diffusion,
microstructural effects, phase changes, the shifting phase boundaries resulting from phase
changes and also geometrical effects (e.g. the formation of a hemispheric austenisation zone
around the locations where the interdiffusion occurs).
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5.2.4.2 Fe22Cr bondcoat on 10%Cr-steel
Oxidation
Fig. 5.61 shows optical micrographs of specimens in the as-sprayed condition and after the
maximum test duration of 10000h. The tested coatings exhibit cracks along the TBC /
bondcoat interface (Fig. 5.61b) and even areas in which the ceramic appeared to be
delaminated (Fig. 5.61c). The cracks which caused TBC failure in most cases run inside the
ceramic layer close to the Fe22Cr coating. Furthermore, significant oxide formation on top of
the bondcoat had occurred. These oxides also showed substantial cracking. As apparent from
Fig. 5.63, part of the cracked oxide is attached to the delaminated TBC. Likewise, some
ceramic material remained attached to the bondcoat after TBC failure. A schematic
illustration of the observed failure mode is given in Fig. 5.62.
(a)
TBC

Fe22Cr

10%Cr-steel
(b)

TBC crack

(c) TBC residues

TBC
Oxide scale

Oxide
scale

Fe22Cr
Fe22Cr

10%Cr-steel

10%Cr-steel

Fig. 5.61: Cross-sections of atmospheric plasma sprayed Fe22Cr coatings on 10%Cr-steel; (a)
as-sprayed condition; (b) after 10000h exposure at 600°C in Ar-50%H2O; (c) after 10000h
exposure at 650°C in Ar-50%H2O
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The TBC failure mode on Fe22Cr-coated 10%Cr-steel slightly differs from that found on
1%Cr-steel. In case of the low alloyed steel hardly any oxide was adhering to the delaminated
ceramic layer (Fig. 5.35). In contrast approximately 25% of the TBC fracture surface of the
Fe22Cr-coated 10%Cr-steel contained oxide (Fig. 5.63). Thus, the major difference between
both kinds of samples is the formation of cracks through the oxide scale. The origin of this
change in crack patterns remains unclear because the thickness of the oxide scale beneath the
failed TBCs showed no significant variations (5.33b,c and Fig. 5.61b,c).
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Fig. 5.62: Schematic illustration of the

Fig. 5.63: TBC delaminated from a Fe22Cr

failure of TBCs in case of Fe22Cr
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10%Cr-steel
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The reason for TBC failure is assumed to be the scale formation at the bondcoat / TBC
interface. The correlation between oxide formation and TBC delamination was already
described in detail in section 5.2.3.2 for Fe22Cr coatings on the 1%Cr-steel. Besides optical
micrographs, also XRD showed the formation of oxides during high temperature exposure. As
apparent from Fig. 5.64 several oxide phases had formed at 600°C as well as at 650°C. In asreceived samples only ferrite, ZrO2/7wt%Y2O3 overspray and minor amounts of spinel are
found. After exposure to Ar-50%H2O several peaks of Fe2O3 and Cr2O3 are found in the
diffraction patterns. The differences in the ferrite-oxide intensity ratio indicate that at 600°C
the oxide formation was more pronounced than at 650°C. At the lower temperature Fe2O3 is
the predominant oxide phase. At 650°C the Fe2O3-Cr2O3 ratio was lower than at 600°C which
can be explained by faster Cr diffusion at higher temperatures and hence increased Cr
incorporation into the scales. This effect was also described in literature [Żurek-2,3] for steam
oxidation of 9 – 12%Cr-steels and is usually referred to as ‘anomalous temperature
dependence of oxidation kinetics’. The reason why this apparently occurred in Fe22Cr
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coatings is the Cr depletion observed after plasma spraying. In section 5.1.3 it was reported
that as-received coatings exhibited splats which contain less than 13wt%Cr.
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Fig. 5.64: X-ray diffraction patterns of atmospheric plasma sprayed Fe22Cr coatings exposed
to Ar-50%H2O for different times at (a) 600°C and (b) 650°C
The X-ray diffraction patterns of Fig. 5.64 show the presence of the spinel structure in steamexposed Fe22Cr coatings. At 600 as well as 650°C the highest intensities of spinel peaks
occurred after 1000h in Ar-50%H2O. After longer test durations the intensities of the peaks
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decreased. After 10000h at 650°C the phase appears hardly detectable. This finding is
explained by the formation of Fe2O3 and Cr2O3 on top of the spinel. Since the Fe22Cr
coatings consist of many isolated metallic particles surrounded by oxide, no large Cr reservoir
exists for most of the alloy particles. Therefore, breakaway oxidation or even the complete
oxidation of individual splats is likely to occur after long-term oxidation tests.
The poor oxidation resistance of the investigated atmospheric plasma sprayed Fe22Cr
coatings is apparent from Fig. 5.65. On top of a coating without TBC an almost continuous
scale with a thickness of 20 to 25µm developed during just 1000h exposure at 650°C in Ar50%H2O. In contrast, sheet metal of the same alloy tested under identical conditions formed a
1 to 2µm thick oxide scale containing a few rapidly growing nodules (Fig. 5.65b). While the
bulk material exhibits excellent oxidation resistance, the same does not apply to the coatings.
Reasons for this difference are the cermet-like microstructure and partial Cr depletion
occurring during the plasma spraying process (compare section 5.1.3). The microstructure of
the coating causes each splat to oxidise at its own specific oxidation rate since Cr diffusion
between adjacent alloy particles is impeded by oxide scales formed on the splat surfaces. In
addition, the numerous oxide films in the coating vastly increase the surface available for
oxidation compared with bulk material. The volume to surface ratio of the metallic particles in
the coating is small compared to that of bulk Fe22Cr specimen. Therefore, the rather small Cr
reservoir of the splats has to form a protective oxide scale on a large surface. As a result, the
Cr reservoir of most bondcoat particles, especially small ones, is rapidly depleted (Fig. 5.66)
and fast growing, non-protective oxides form. In contrast, bulk Fe22Cr has a large Cr
reservoir that has to form protective oxide scales on a rather small surface, which gives the
material a significantly improved long-term oxidation resistance at 650°C in Ar-50%H2O
compared to the investigated bondcoats (Fig. 5.65). Based on these results, it was concluded
that coating quality and careful control of the plasma spraying process are crucial parameters
for the manufacturing of APS bondcoats for steam turbine applications.
The influence of the coating microstructure on the oxidation behaviour of plasma sprayed
Fe22Cr bondcoats is illustrated in Fig. 5.66 showing the Cr depletion in an isolated coating
particle. The figure shows the calculated Cr depletion in a spherical Fe22Cr particle of 30µm
diameter when exposed to Ar-50%H2O at 650°C for up to 10000h. The Cr depletion was
modelled by estimating how much Cr is incorporated in the oxide scale on the surface of the
particle and how fast it is replaced by diffusion from the centre of the particle towards the
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oxide / alloy interface. The input data required for the calculation were obtained as follows. In
Fig. 5.65b the thickness of the oxide scale on Fe22Cr after 1000h at 650°C in Ar-50%H2O
was measured. The oxide thickness allowed calculating the oxidation rate constant Kp, which
subsequently allowed to determine the rate at which Cr was depleted from the alloy. The Cr
flux from the alloy into the oxide was then used as a boundary condition to calculate the Cr
diffusion in the Fe22Cr particle. Fig. 5.66 shows that the Cr concentration on the surface of a
30µm Fe22Cr particle drops to approximately 15wt% within a few hours due to the high
oxidation rate at the beginning of the oxidation process. After the initial rapid oxide growth a
protective scale is formed and subsequently the Cr concentration slowly decreases. The Cr
depletion at the surface causes Cr to diffuse from the centre of the particle towards the
interface with the oxide. Therefore, after approximately 1500h the Cr content in the centre
also starts to decrease (Fig. 5.66). Because of the small size of the particle the Cr reservoir is
limited and becomes continuously depleted. As a result the Cr concentration at the surface
cannot be maintained and continuously decreases to finally reach the point where rapid
breakaway oxidation occurs. The critical Cr content at which breakaway occurs in ferritic
steels at 650°C in Ar-50%H2O is not known exactly but the ferritic / martensitic 10%Cr-steel
formed very thick scales under the same conditions (Fig. 5.67a). From numerous literature
data [Żurek-1, 4] it is known, that even martensitic 12%Cr-steels tend to form Fe-base oxide
scales under the given conditions. This indicates that at this temperature in water vapour the
critical Cr content for protective Cr2O3 formation is higher than 12%.
(a)

Oxide scale

(b)

Fe22Cr coating

Oxide scale

Fe22Cr solid material

10%Cr-steel

Fig. 5.65: Cross-sections showing oxide formation on Fe22Cr after 1000h exposure at 650°C
in Ar-50%H2O; (a) atmospheric plasma sprayed coating; (b) bulk material (Crofer 22 APU)

100

22

Cr concentration [wt%]

20
18

Particle centre

16
14
12
10

Particle surface

8
6
4
0

2000

4000

6000

8000

10000

Time [h]
Fig. 5.66: Calculation of the Cr depletion in a spherical Fe22Cr particle of 30µm diameter at
650°C in Ar-50%H2O calculated using DICTRA [DICTRA-1]; Cr depletion occurs due to
formation of Cr-oxides on the particle surface. The red and blue curves show the Cr
concentration on the surface and in the centre of the particle respectively
Despite their poor oxidation resistance, the Fe22Cr coatings provided significant oxidation
protection to the substrate material up to the maximum test time of 10000h. The uncoated
10%Cr-steel developed a scale of approximately 300µm thickness during 10000h exposure at
650°C in Ar-50%H2O (Fig. 5.67a). Under the same conditions hardly any oxide formation
was found on the steel surface beneath the bondcoat (Fig. 5.67b). Only a discontinuous band
of internal oxidation was found in the steel. It covered less than 50% of the interface and
never penetrated deeper than 10µm into the ferritic / martensitic steel. In fact, the oxidation
protection provided by the Fe22Cr coating to the steel substrate was better than that provided
by Ni20Cr. This seems at first sight contradictory because the Ni20Cr coating possesses
intrinsically a better oxidation resistance than Fe22Cr. This finding can be explained by the
fact that the oxidation resistance of the coating was poorer compared to e.g. the Ni20Cr
coatings (section 5.2.4.1). The oxides that formed within the Fe22Cr layer grew into the
coating pores and are believed to eventually increase the gas-tightness of the coating. Thus,
the oxidising atmosphere and the steel were separated. Only oxygen ion diffusion through the
oxide phases in the bondcoat enabled minor internal oxidation of the substrate. However,
according to thermodynamics, most of the oxygen diffusing through the scale towards the
101

ferritic / martensitic steel should have reacted with Cr from the bondcoat to form Cr2O3 or FeCr spinel.
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Fig. 5.67: Cross-sections of an atmospheric plasma sprayed Fe22Cr coating on 10%Cr-steel
after 10000h exposure at 650°C in Ar-50%H2O showing oxidation protection of steel
provided by coating; (a) oxide scale on uncoated steel; (b) oxide formation beneath Fe22Cr
coating
Interdiffusion
All Fe22Cr coatings on the 10%Cr-steel exhibited substantial interaction with the substrate
material. C and N diffusion from the ferritic / martensitic steel into the bondcoat caused the
formation of large amounts of carbides and nitrides. The precipitates occurred throughout the
coating thickness. After 1000h at 600°C carbides and nitrides were already found close to the
interface with the TBC. At 650°C they even reached the bondcoat / TBC interface. After
3000h the newly formed phases were clearly visible by optical microscopy (Fig. 5.68a). The
size of the precipitates increased with time (Fig. 5.68b). In general, nitrides developed lengthy
crystals while carbides prevailed in a spherical shape. This difference in shape is evident in
the element mappings of Fig. 5.69. They also show nitrides to be concentrated in clusters
whereas carbides are distributed more randomly. Furthermore, it appears that both phases do
not intermix, i.e. no carbonitrides occurred and no carbide precipitates are found in nitride
clusters. When analysed in detail, the distribution of the precipitates turned out to be even
more complex. Large compact alloy particles and unmelted coating powder grains contain
more carbides and nitrides. On the other hand precipitates are partly absent in well-molten and
thin splats (Fig. 5.69). This may be attributed to the lower Cr reservoir in small coating
particles and the partial Cr depletion also observed in small particles. It is also possible that
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the carbides and nitrides in small splats dissolve after long-term exposure due to Cr depletion
in the coating matrix caused by oxide formation. The mappings of Fig. 5.69 also prove the
precipitates to be rich in Cr, indicating that they consist of Cr-carbides and Cr-nitrides. The
EDX measurements of Fig. 5.69 reveal that the formation of Cr-carbide precipitates is
accompanied by Cr depletion in the surrounding coating matrix. The Cr concentration locally
dropped to less than 13wt% after 10000h exposure at 650°C.
(a)

(b)

Carbides /
Nitrides

Carbides /
Nitrides

Fig. 5.68: Cross-sections of atmospheric plasma sprayed Fe22Cr coatings on 10%Cr-steel; (a)
after 3000h exposure at 650°C in Ar-50%H2O; (b) after 10000h exposure at 650°C in Ar50%H2O
The presented data provide an insight into the details of Cr-carbide and -nitride formation in
Fe22Cr coatings on 10%Cr-steel. Both phases developed due to fast C and N diffusion from
the substrate into the coating. Since the diffusion rate is temperature dependent, the carbide
and nitride precipitation at 600°C is somewhat slower than at 650°C. Despite the fact that the
diffusion front already extended over the total coating thickness after 1000h, carbide and
nitride crystals continued to grow when samples were tested up to 10000h. This indicates a
steady supply of C and N from the ferritic / martensitic steel. Therefore, the growth of the
precipitates is assumed to continue, since the matrix of the coating still contains
approximately 13wt% Cr after the maximum experiment duration. Taking into account its
high Cr content, the bondcoat can take up significant amounts of C and N. This may have
consequences for the substrate material because these elements crucially affect the creep
strength of 9 – 12%Cr-steels at typical application temperatures of 550 to 650°C [Chilukuru1, Hald-1, Kern-1].
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Fig. 5.69: Backscattered electron image, X-ray element mappings and EDX measurements of
a cross-sectioned atmospheric plasma sprayed Fe22Cr coating on 10%Cr-steel after 10000h
exposure at 650°C in Ar-50%H2O; data of EDX measurements in wt%
The distribution of carbides and nitrides in the bondcoat is obviously affected by the partial Cr
depletion observed in as-received coatings. Precipitates predominantly occurred in large
metallic particles or unmelted powder grains. Such material showed only little oxidation
during plasma spraying and retained its Cr content of approximately 22wt%. Therefore, these
particles possessed a significantly higher Cr activity compared to small, thoroughly molten
splats which became Cr-depleted during the plasma spraying. The increased Cr activity
promoted the formation of carbides and nitrides in the large coating particles. Thus, the
coating process considerably affected the microstructural evolution of the bondcoat during
high temperature exposure. However, no reasonable explanation for the observed spatial
separation of carbides and nitrides can currently be given.
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The existence of carbides and nitrides over the total width of the coatings leads to the
conclusion that no diffusion barrier for C and N diffusion was present. Even coating particles
which were completely covered by oxide scales exhibited carbide and nitride formation (Fig.
5.69). No indications were found that the Cr depletion of the Fe22Cr matrix resulting from the
carbide and nitride formation had a detrimental effect on the oxidation resistance of the
coatings. The Cr-carbides and nitrides formed are considered as reservoir phases (compare
section 5.2.3.2 for Fe22Cr coatings on 1%Cr-steel).
Comparison of the precipitates in Fe22Cr coatings on the 1%Cr and the 10%Cr-steel reveals
some differences. The amount of nitrides in the bondcoats on the 1%Cr-steel was rather low.
They mainly formed due to nitrogen incorporation into the spraying powder during plasma
spraying. Nitrogen diffusion from the steel into the coating was virtually absent since the
substrate contained hardly any nitrogen. In contrast, the 10%Cr-steel contained 0.05wt%N.
This enabled significant nitride formation in the coating because of the large amount and thus
the large reservoir of nitrogen in the steel.
A possible explanation for the fact that extensive carbide formation occurs in Fe22Cr coatings
but not in Ni20Cr is shown in Fig. 5.70. The Cr activity in the Ni-base coating is much lower
than that in Fe22Cr. Assuming in first approximation that the same type of Cr23C6 carbide
may form in both materials, the equilibrium carbon activity may be derived from
23Cr + 6C ↔ Cr23C6

(8)

with the equilibrium constant
K=

a(Cr23C6)
23

a (Cr) a6(C)

(9)

For a given carbon activity, the tendency to form Cr-carbide will then be larger in the alloy
with the highest Cr-activity, i.e. Fe22Cr. The carbide formation will then decrease the amount
of carbon remaining in solution and consequently reduce the carbon activity in the coating to
a value given by equation (9). Based on this equation, the carbon activity will in the asreceived state be smaller in Fe22Cr than in the 1% or 10%Cr-steel. Carbon will thus readily
diffuse from the steel into the coating untill in both materials the activities are equal. This will
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be the case if the amount of dissolved carbon in the Fe22Cr will be similar to that in the
respective steel.
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Fig. 5.70: Thermodynamic equilibrium calculation of the Cr activity in Fe22Cr and Ni20Cr
[Thermo-Calc-1, 2]
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5.2.4.3 CoNiCrAlY bondcoat on 10%Cr-steel
Oxidation
Fig. 5.70 shows optical micrographs of specimens in the as-sprayed condition after 1000h and
after the maximum test duration of 3000h. The tested TBC coatings showed excellent
adherence to the bondcoat and exhibited no macroscopically visible damage. No cracks were
observed in the ceramic or at the TBC / bondcoat interface.
A discontinuous scale developed on top of the ferritic / martensitic steel along the interface to
the bondcoat. It was accompanied by local internal oxidation. This oxidised region appeared
to be larger in samples tested at 600°C (Fig. 5.70b,d). At 650°C the interface area covered by
oxides was smaller (Fig. 5.70c,e) than at 600°C. Some specimens even exhibited interface
regions which were virtually free of oxides (Fig. 5.70e). The Al2O3 particles visible in some
of the cross-sections originate from the grit blasting of the steel prior to plasma spraying.
Thus, these particles are a remnant of the manufacturing process and are not related to
bondcoat or substrate oxidation occurring during exposure.
As already observed for other coating systems (compare sections 5.2.3.1, 5.2.3.3, 5.2.4.1), the
oxides which developed on the ferritic / martensitic steel penetrated into the bondcoat. They
grew into pores and cavities along the substrate / coating interface (Fig. 5.71). The maximum
penetration depth at 600°C amounted to 40µm after 1000h as well as after 3000h. At 650°C
these Fe-base oxides extended into the coating up to 60 and 40µm after 1000 and 3000h
respectively. These data are comparable to those obtained for Ni20Cr coatings on the 10%Crsteel (section 5.2.4.1). However, the value for the 3000h experiment at 650°C turned out to be
very small. This is believed to result from removal of oxide particles during sample
preparation. In general, the average oxide penetration depth was found to be significantly
lower than the observed maxima (Fig. 5.70b-e). Furthermore, between 1000 and 3000h the
penetration depth of the Fe-oxides into the coating only slightly increased after the initial fast
growth. A schematic illustration (Fig. 5.30) and explanation of the proposed mechanism of
Fe-oxide growth into pores is given in chapter 5.2.3.1.
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Fig. 5.70: Cross-sections of atmospheric plasma sprayed CoNiCrAlY coatings on 10%Crsteel; (a) as-sprayed condition; (b) after 1000h exposure at 600°C in Ar-50%H2O; (c) after
1000h exposure at 650°C in Ar-50%H2O; (d) after 3000h exposure at 600°C in Ar-50%H2O;
(e) after 3000h exposure at 650°C in Ar-50%H2O
The steam-exposed CoNiCrAlY coating surfaces exhibited no visible scale formation after the
maximum test duration of 3000h. Even scanning electron microscopy did not indicate the
presence of oxide phases (Fig. 5.72). Thus, the absence of such phases in XRD patterns (Fig.
5.74) is not surprising. Solely, the linescan of Fig. 5.75 yielded indications for the existence of
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Al2O3 layers inside the bondcoat. Whether they formed during the oxidation experiment or
already during the plasma spraying process remains unclear. However, since CoNiCrAlY
coating alloys are not inert in Ar-50%H2O at elevated temperatures, the scales were likely to
develop during high temperature exposure. It is concluded that CoNiCrAlY coatings formed
sub-micrometer thin Al2O3 scales in steam at 600 and 650°C after exposure for up to 3000h.
Therefore, they are assumed to possess excellent long-term oxidation resistance during steam
oxidation at the prevailing exposure temperatures.
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Fig. 5.71: Cross-section of an atmospheric
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Microstructural changes
The microstructure of the CoNiCrAlY coating after high temperature exposure is shown in
Fig. 5.73. The coating consists of a mixture of different phases. The size of the precipitates is
usually less than 1µm. Such tiny crystallites hamper a reliable quantitative EXD analysis
since the lateral resolution of the EDX analysis exceeds the precipitate size. Therefore, only
the element spectra are presented in Fig. 5.73. They indicate the occurrence of three different
phases. Point 1 corresponds to a Cr- and Co-rich, but Al- and Ni-poor phase. According to the
thermodynamic equilibrium calculation presented in table 5.3, this compound is -phase.
Point 4 shows a strong Al peak, likely representing -NiAl phase. The relatively small Cr and
Co peaks in this spectrum support this assumption. The measurements of point 2 and 3 were
taken in areas featuring different phase contrast in the backscattered electron image (Fig.
5.73). However, the EDX spectra turned out to be almost identical. They contain strong Ni,
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Co and Cr peaks as expected for -phase. On the other hand, thermodynamic calculations
predict a very small Al concentration in the -phase (table 5.3) which does not agree with the
detected Al signal. Thus, the measurements either display the composition of a mixture of
phases or indicate that the coating did not yet reach thermodynamic equilibrium after 3000h at
650°C. Since both spectra are virtually identical the latter appears to be more likely.
Alternatively, the thermodynamic data which are the basis for the calculation shown in table
5.3 may be inaccurate at the given low exposure temperature.
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2

3

4
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Fig. 5.73: Backscattered electron image and

4

EDX measurements of a cross-sectioned

1
3

atmospheric plasma sprayed CoNiCrAlY
coating
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10%Cr-steel

after

3000h

exposure at 650°C in Ar-50%H2O

Phase

Amount of phase

Ni

Co

Cr

Al

Si



44.3mol%

51.8

22.1

7.1

19

-



22.5mol%

30.2

39.2

26.8

0.8

2.9



33.1mol%

4.4

36.6

58.9

-

-

Table 5.3: Thermodynamic equilibrium calculation showing phase compositions for the
CoNiCrAlY coating at 650°C; element concentrations in wt% [Thermo-Calc-1]
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XRD analyses on high temperature exposed CoNiCrAlY coatings were carried out to obtain
more detailed information on the phase composition of the coatings. As-received coatings
exhibited broad peaks, which are typical for poorly crystallised material and disordered lattice
structures. During high temperature exposure the peaks sharpened and became more
numerous. The XRD patterns significantly changed after the samples had been exposed for
1000h. Only minor changes occurred between 1000h and the maximum test duration of
3000h. All steam-exposed specimens contained -phase. According to the relative peak
intensities the amount of -phase at 600°C was significantly larger than that at 650°C. This
finding is in agreement with the thermodynamic equilibrium calculations shown in Fig. 5.16.
The XRD patterns of Fig. 5.74b indicate a low -phase content in coatings tested at 650°C.
This is in contradiction with the data in Fig. 5.16, which predict formation of 40 to 45mol%
-NiAl. However, the data agree with the EDX measurements, which showed a significant Al
concentration in the -phase, thus explaining the low amount of -phase. The ’-phase was
not detected in coatings exposed to 600°C although it should be present on the base of the
thermodynamic equilibrium calculation shown in Fig. 5.16. The reasons for this discrepancy
may be the similarity in diffraction patterns of  and ’, which hampers the differentiation
between the two phases.
Interdiffusion
Fig. 5.75 shows a linescan performed near the interface between the bondcoat and the
substrate on a specimen exposed in Ar-50%H2O for 3000h at 650°C. The data do not reveal
any indication for interdiffusion between the two materials. At the interface of CoNiCrAlY
and 10%Cr-steel an Al2O3 scale was found. This scale likely acts as a diffusion barrier
between coating and substrate. The element spectra of Fig. 5.75 show small Al and O peaks
within the bondcoat. They can be explained by the formation of thin Al2O3 scales on the
surface of the splats. The peaks in the element profiles of Cr, Co and Ni given in Fig. 5.75
result from the microstructure of the bondcoat. Taking into account Fig. 5.73 it becomes
apparent that each peak in these profiles represents a different particle of -, - or -phase and
thin layers of Al2O3 formed on particle surfaces.
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Fig. 5.74: X-ray diffraction patterns of atmospheric plasma sprayed CoNiCrAlY coatings
exposed in Ar-50%H2O for different times at (a) 600°C and (b) 650°C
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Fig. 5.75: Backscattered electron image and
line scan of a cross-sectioned atmospheric
plasma sprayed CoNiCrAlY coating on
10%Cr-steel near the coating / steel
interface after 3000h exposure at 650°C in
Ar-50%H2O

10%Cr-steel
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5.2.4.4 Comparison of coating behaviour on 10%Cr-steel
The preceding chapters described the detailed behaviour of different bondcoats on the 10%Crsteel. The main differences in the various aspects of coating performance will now be
summarised.
Fig. 5.76 shows cross-sections of the three investigated bondcoats after the maximum test
duration at 650°C in Ar-50%H2O. In case of the Ni20Cr and CoNiCrAlY bondcoats no cracks
or delamination along the TBC / bondcoat interface occurred. In contrast, the TBCs on the
Fe22Cr bondcoat catastrophically failed due to considerable bondcoat oxidation. Part of the
bondcoat oxide remained on the fracture surface of the detached ceramic. This failure mode
slightly differed from that observed for the Fe22Cr-coated 1%Cr-steel where no bondcoat
oxide remained on the TBC.
TBC

(a)

Ni20Cr

10%Cr-steel
(b) TBC residues

Oxide
scale

(c)

TBC

Fe22Cr
CoNiCrAlY

10%Cr-steel

10%Cr-steel

Fig. 5.76: Cross-sections of different atmospheric plasma sprayed bondcoats on 10%Cr-steel
after Ar-50%H2O exposure at 650°C; (a) Ni20Cr, 10000h; (b) Fe22Cr, 10000h; (c)
CoNiCrAlY, 3000h
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The bondcoat oxidation of Ni20Cr coatings turned out to be very small. After 10000h at
650°C in Ar-50%H2O scales of about 1µm thickness were observed. Whether they formed
during plasma spraying or during subsequent high temperature exposure could not
unequivocally be estimated. CoNiCrAlY coatings exhibited even smaller oxidation rates. Submicrometer thin Al2O3 scales were found on samples tested for 3000h. As already mentioned,
Fe22Cr coatings featured extensive oxide formation. Their cermet-like microstructure and
partial Cr depletion during manufacture prevented the formation of protective scales, in
contrast to Fe22Cr sheet metal which formed very protective chromia scales during long-term
Ar-50%H2O exposure.
All coatings provided substantial oxidation protection to the substrate material. During
exposure at 650°C uncoated 10%Cr-steels developed an approximately 300µm thick scale,
while the coated ferritic / martensitic steels exhibited only minor oxide formation (Fig. 5.77).
Porous coatings such as Ni20Cr and CoNiCrAlY enabled discontinuous layers of Fe-base
oxides to grow from the interface with the steel into the pores of the bondcoat (Fig. 5.78). The
maximum penetration depth of these oxides was similar for the two coatings. In none of the
samples the Fe-oxides reached the TBC / bondcoat interface. The amount of internal
oxidation was lowest under Fe22Cr coatings. The poor oxidation of this coating type caused
most of its pores to become filled with oxide, thus increasing the gas-tightness of the coatings.
The open pores of Ni20Cr and CoNiCrAlY allowed steam to easily reach the ferritic /
martensitic steel, which resulted in the formation of outward growing oxides and internal
oxidation.
Ni20Cr
Outer scale

Oxide scale on
uncoated steel

10%Cr-steel

Fe22Cr
coating

10%Cr-steel

Internal oxidation

Fig. 5.77: Illustration of the typical oxidation

Fig. 5.78: Illustration of the oxide scale
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No interdiffusion between CoNiCrAlY coatings and substrate occurred. This was likely
caused by a thin Al2O3 film which formed during the early stages of exposure at the surfaces
of bondcoat splats and acted as a diffusion barrier during long-term exposure. Ni20Cr
coatings exhibited significant interaction with the steel substrate. Ni interdiffusion caused
parts of the ferritic / martensitic steel to become austenised (Fig. 5.80). The process of phase
transformation was found to be temperature as well as time dependent. The austenisation for
the 10%Cr-steel proceeded in two steps, i.e. from martensite to a mixture of  +  and finally
to pure austenite. Interdiffusion and austenisation are believed to continue as long as the
material is exposed to elevated temperatures. Therefore, it is assumed that no thermodynamic
equilibrium in the outer part of the steel substrate will be reached even after several 10000h of
service. The interdiffusion could improve the adherence of bondcoat and substrate due to the
formation of a metallic bond at the locations where interdiffusion occurs. On the other hand,
the austenitic regions in the surface area of the steel possess different physical properties than
the ferrite. The different coefficients of thermal expansion for example could result in
increased thermal stresses between coating, ferrite and austenite upon temperature changes. C
and N interdiffusion between 10%Cr-steel and Fe22Cr coatings occurred. It resulted in the
formation of large amounts of Cr-carbides and Cr-nitrides inside the bondcoat (Fig. 5.79).
Also in this case the formation of these precipitates was found to be temperature and time
dependent. Since C and N substantially affect the creep strength of 9 – 12%Cr-steels at
elevated temperatures, their migration into the bondcoat might result in alteration of
mechanical properties during long-term exposure.

Ni20Cr

Carbides

Austenised
region
Nitrides
10%Cr-steel
Fig. 5.79: Formation of precipitates in

Fig. 5.80: Austenisation of the 10%Cr-steel

Fe22Cr coating on the 10%Cr-steel due to C
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and N diffusion from the steel into the
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The CoNiCrAlY was the only coating material found to undergo intrinsic phase
transformation during long-term exposure. The non-equilibrium state in the as-sprayed
coatings transformed into a mixture of   and -phase after high temperature exposure.
Literature data on coated 10%Cr-steels solely exists for Ni20Cr coatings. In general, the
available information qualitatively agrees with the present results. Furthermore, they confirm
that gas-tightness of the APS coatings is the major parameter which determines the oxidation
protection of the steel substrate.
In summary, CoNiCrAlY coatings showed the best performance on 10%Cr-steel at 600 and
650°C in Ar-50%H2O. They provided excellent TBC adhesion and showed negligible oxide
scale formation. Their oxidation protection provided to the ferritic / martensitic steel could be
improved by producing less porous coatings than prevailing in the present case. An important
feature is the absence of coating / substrate interdiffusion. No indications were found that the
observed intrinsic phase transformations cause mayor problems to the overall coating
performance. Ni20Cr coatings also performed well and no TBC damage was observed. The
oxidation protection of the substrate was similar to that of CoNiCrAlY coatings. However, Ni
interdiffusion and the resulting austenisation of the ferritic / martensitic steel may become an
important factor regarding the long-term behaviour of the material beyond 10000h. The
investigated Fe22Cr coatings were found unsuitable for the application in high temperature
steam environments. Considerable oxide formation occurred as no protective scales developed
on the coating surface. Comparison of the oxidation behaviour of bulk Fe22Cr material and
plasma sprayed Fe22Cr coatings revealed that the observed poor oxidation resistance of the
coatings resulted from the plasma spraying process, which produced large amounts of oxides
and caused significant Cr depletion in the alloy. However, even if oxide-free coatings could
be manufactured still C and N diffusion from the steel into the coating have to be considered
as a possible deleterious effect. C and N affect the creep strength of 9 – 12%Cr-steels at
elevated temperatures. Therefore, Fe22Cr coatings are believed to be unsuitable as TBC
bondcoats in steam turbine applications on 9 – 12%Cr-steels, especially when applied to thinwalled components.
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5.2.5 Coatings on Nimonic 80A
Nimonic 80A is a nickel-chromium base alloy which relies for its creep resistance mainly on
solid solution and ’-strengthening. The material is used for high temperature applications
such as gas turbine and jet engine hot section components and marine diesel engines [Kim-1,
Wilthan-1]. The application of bondcoats is necessary to provide the rough surface required
for the adhesion of plasma sprayed thermal barrier coatings.
In the present investigation, samples of Nimonic 80A coated with two different bondcoats and
a TBC were investigated. Oxidation tests were carried out at 650 and 700°C in Ar-50%H2O.
The following sections present the results of the oxidation tests. The results obtained for the
two coatings will be presented separately and the relative differences in the performance of
the two coating types will be compared in section 5.2.5.3.

5.2.5.1 Ni20Cr bondcoat on Nimonic 80A
Oxidation
Fig. 5.81 shows specimens in the as-sprayed condition and after the maximum test duration of
10000h. The tested TBCs exhibit no visible damage. No TBC cracks or delamination occurred
and the adhesion of the bondcoat to the steel substrate was excellent.
The surface of the Ni20Cr coatings showed only minor oxide formation. After 10000h at 650
and 700°C scales of approximately 1µm thickness were found. A clear differentiation
between scales resulting from the plasma spraying process and those developed during high
temperature exposure could not unequivocally be made. Fig. 5.81d and f present the typical
appearance of the oxidation performance of the Ni20Cr coatings. The sample surface which is
shown in the right part of the pictures was created during sample manufacture when the
samples were cut. These surfaces were free of any oxide when the specimens were introduced
into the furnace. After 10000h exposure at 650 or 700°C, the scales which formed on these
surfaces were very thin. In case of the Ni20Cr coating, the scales were too thin to be
visualised by optical microscopy (upper, right part of Fig. 5.81d, f). In contrast, the uncoated
substrate developed an outer scale of approximately 5µm thickness accompanied by internal
oxidation (depth approximately 10µm) after 10000h exposure at 700°C (lower, right part of
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Fig. 5.81f). The degree of protection provided to Nimonic 80A by the bondcoat is also
apparent from Fig. 5.81d and f. Beneath the Ni20Cr coating only a narrow, discontinuous
band of internal oxides formed. Its maximum width after 10000h at 700°C is approximately
5µm, which is considerably less than in case of the uncoated substrate.

(a)

TBC

(b)
Ni20Cr

Ni20Cr

Al2O3 particles
Nimonic 80A

Nimonic 80A
(c)

TBC

(d)
Ni20Cr

Ni20Cr
Internal oxidation
Al2O3 particles
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on uncoated
Nimonic 80A Nimonic 80A
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(f)
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Fig. 5.81: Cross-sections of atmospheric plasma sprayed Ni20Cr coatings on Nimonic 80A;
(a) + (b) as-sprayed condition; (c) + (d) after 10000h exposure at 650°C in Ar-50%H2O; (e) +
(f) after 10000h exposure at 700°C in Ar-50%H2O
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Microstructural changes
When analysed in detail, the Ni20Cr / Nimonic 80A interface of steam-exposed samples
showed microstructural changes. Optical micrographs not only show the presence of the
already mentioned internal substrate oxidation but also a transformation zone in the base
material close to the bondcoat (Fig. 5.82). This zone is characterised by a microstructure
which significantly differs from that of the Nimonic 80A. The Cr-carbides usually found on
grain boundaries of the base alloy are absent. Instead, precipitates, which do not occur in the
substrate material were found. The colour of these precipitates in light optical microscopy was
light-brown to yellow. The observed transition zone was present along the entire Ni20Cr /
Nimonic 80A interface. Its width of approximately 20µm appeared to be constant along the
whole interface. Furthermore, precipitates formed inside the bondcoat close to the substrate.
These precipitates showed a yellowish appearance in light optical microscopy, which is
typical for Ti-nitride.

Ni20Cr
TiN

Transformation
zone

Nimonic 80A

Precipitates

Oxide

Carbides on grain
boundaries

Fig. 5.82: Cross-section of an atmospheric plasma sprayed Ni20Cr coating on Nimonic 80A
after 10000h exposure at 700°C in Ar-50%H2O
The transformation zone can be visualised more clearly by etching. The V2A etchant etches
the transformation zone as well as the Ni20Cr coating (Fig. 5.83a). In contrast, Nimonic 80A
showed significantly different etching behaviour. These differences are related to the different
phase compositions of Nimonic 80A, the bondcoat and the transformation zone. Nimonic 80A
mainly consists of  and ’-phase, while Ni20Cr only consists of -phase. Because of the
similar etching behaviour of the bondcoat and the transformation zone, the latter is assumed to
also consist of -phase. The precipitates visible in the optical micrographs are probably large
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’ crystallites which formed due to precipitate coarsening or Ostwald ripening. An additional
grain boundary etching revealed that the size of the crystallites in the transformation zone is
significantly smaller than that in the unaffected Nimonic 80A (Fig. 5.83b).
(a)

(b)

Ni20Cr

Ni20Cr

Oxide
Transformation
zone
Oxide
Nimonic 80A

Nimonic 80A

Transformation
zone

Fig. 5.83: Cross-sections of an atmospheric plasma sprayed Ni20Cr coating on Nimonic 80A
after 10000h exposure at 700°C in Ar-50%H2O; (a) etched with V2A etchant; (b) etched with
V2A etchant and grain-boundary etched
The evolution of the transformation zone after high temperature exposure for 1000, 3000 and
10000h is shown in Fig. 5.84. In the as-received condition a 10 to 30µm wide transformation
zone is visible in the Nimonic 80A along the interface to the bondcoat. This region resulted
from the machining and grit blasting of the substrate surface prior to plasma spraying. During
grit blasting the surface of the substrate was blasted with Al2O3 particles, thereby destroying
the original microstructure of the Nimonic 80A. When exposed to 700°C, the transformation
zone of the Ni-base alloy slowly recrystallised. The cross-sections taken from samples
exposed for 1000, 3000 and 10000h (Fig. 5.84b, c, d) indicate, that recrystallisation started at
the substrate / bondcoat interface and gradually extended into the Nimonic 80A. After 1000h
exposure, crystallites with an average diameter of less than 10µm had formed and most of the
Cr-carbides, which are usually found on grain boundaries of Nimonic 80A were no longer
observed. After 3000h exposure, the grain size of the crystallites in the transformation zone
near the interface between coating and substrate increased to approximately 15µm. After
10000h exposure, the size of some of the crystallites increased to almost 20µm. The largest
precipitates were found at the interface with the bondcoat. They were separated from the
Nimonic 80A by a band of smaller crystallites. Carbides were no longer found in the
transformation zone.
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A similar transition zone as observed near the bondcoat / substrate interface was also found in
the uncoated Nimonic 80A beneath the outer oxide scale (Fig. 5.85). This transition zone was
approximately 10µm wide after 10000h exposure at 700°C. This indicates, that grit blasting is
obviously not the only reason for the formation of the observed transition zone. The formation
of this zone may thus additionally be affected by oxidation or interdiffusion.
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Ni20Cr

(b)

Transformation
zone

Ni20Cr

Transformation
zone
Nimonic 80A
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Ni20Cr

Transformation
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Nimonic 80A
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Nimonic 80A
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Fig. 5.84: Cross-sections of atmospheric plasma sprayed Ni20Cr coatings on Nimonic 80A
near coating / substrate interface in (a) as-sprayed condition and after exposure in Ar50%H2O at 700°C for (b) 1000h; (c) 3000h; (d) 10000h
Fig. 5.86 shows element mappings of the transformation zone in steam-exposed coated
Nimonic 80A after 10000h at 700°C. According to these mappings, the transformation zone
consists of two subzones. The region near the interface with the bondcoat is depleted in Ti and
Al. In contrast, these two elements are enriched in the lower part of the transformation zone.
No Cr-carbides were observed in the transformation zone. At higher magnifications the
reasons for the observed element fluctuations become apparent. Backscattered electron
images of the Nimonic 80A show that the microstructure of the Ni-base alloy consists of a
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light-grey  matrix and numerous dark-grey ’ precipitates. The latter are too fine to be
resolved in the EDX element mappings. Therefore, Nimonic 80A shows a homogeneous
element distributions for Al and Ti. In contrast, the lower part of the transformation zone
contains up to 2µm large ’ crystallites. The size of these particles enabled the precipitates to
become distinguished in the element mappings. They have a low Cr content and are rich in Al
and Ti, while the surrounding  matrix has low Al and Ti contents but is rich in Cr. The part
of the transformation zone close to the bondcoat is free of ’ and thus shows no Al or Ti
enrichments. The large ’ precipitates observed near the interface of Nimonic 80A and the
transformation zone likely formed due to Ostwald ripening.

Transformation
zone

Cr-Oxide

Nimonic 80A
Fig. 5.85: Cross-section of uncoated Nimonic 80A after 10000h exposure at 700°C in Ar50%H2O
Apart from these qualitative analyses, quantified spectra were taken in selected cases. Fig.
5.87 shows the results of two such EDX measurements. Area 1 corresponds to the upper part
of the transformation zone in a sample exposed to 700°C for 10000h. Area 2 represents the
unaffected Nimonic 80A substrate. The most important differences between both
measurements are the significantly lower Al and Ti concentrations in area 1 compared to area
2. According to thermodynamic calculations (Table 5.4), which were carried out using the
element concentrations derived by EDX analysis, area 1 consists of -phase. This finding
agrees with the element mappings and the microstructure shown in Fig. 5.86 which also
shows the upper part of the transition zone to consist of recrystallised -phase. The
thermodynamic equilibrium calculations based on the chemical composition of area 2 show
that two phases (, ’) are present in the Nimonic 80A (Table 5.4). This again agrees with the
micrographs of Fig. 5.86. The calculated chemical composition of the ’-phase shows this
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phase to be rich in Al and Ti but poor in Cr. The element mappings of Fig. 5.86 show exactly
these patterns for the large ’ precipitates which formed due to Ostwald ripening.
Ni20Cr

Nimonic 80A
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Fig. 5.86: Backscattered electron images and X-ray element mappings of the transformation
zone in Ni20Cr coated Nimonic 80A after 10000h exposure at 700°C in Ar-50%H2O
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Fig. 5.87: Backscattered electron image and EDX measurements of Ni20Cr coated Nimonic
80A after 10000h exposure at 700°C in Ar-50%H2O; (1) upper part of the transformation
zone; (2) unaffected Nimonic 80A; EDX data in wt%
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100mol%
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0.9

0.8
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78.7mol%

74.2
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0.6

0.6

1.5

0.2

'

21.3mol%
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2.7

5.1

9.9

0.1

0.2

Table 5.4: Thermodynamic equilibrium calculations at 700°C using EDX measurements of
Fig. 5.87 as input compositions; element concentrations in wt% [Thermo-Calc-1]
The thermodynamic calculations of Fig. 5.88 show the influence of Al and Ti on the phase
composition of Nimonic 80A at 700°C. Both elements stabilise the ’ phase. Thus, it was
concluded that the Al and Ti rich precipitates in Fig. 5.86 are in fact ’-phase. It was further
concluded that the decrease of the Al and Ti concentration in Nimonic 80A would cause the
dissolution of the ’–phase. Assuming Al and Ti diffusion from the substrate material into the
bondcoat, this may explain why the upper part of the transformation zone in contact with the
bondcoat showed no ’-phase.
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Fig. 5.88: Thermodynamic equilibrium calculations at 700°C for Nimonic 80A. The
composition for Nimonic 80A was taken from area 2 of Fig. 5.87; (a) shows the influence of
Al and (b) the influence of Ti on the phase equilibria of Nimonic 80A [Thermo-Calc-1].
The element mappings of Fig. 5.89 were taken to estimate the influence of bondcoat /
substrate interdiffusion on the formation of the transformation zone. The image section shows
the lower part of the Ni20Cr coating and the upper part of the substrate material including the
transformation zone after 10000h exposure at 700°C. The elements mappings of Fig. 5.89
confirm some of the previous findings, for instance, the presence of Cr-carbides on Nimonic
80A grain boundaries and the absence of carbides in the transformation zone. The Al and O
mappings indicate the formation of Al2O3 scales along the coating / substrate interface after
10000h exposure at 700°C. Since the bondcoat did not contain any Al, the formation of Al2O3
must have caused some Al depletion in the Nimonic 80A. Because Al is known to stabilise
the ’-phase, the formation of Al2O3 could explain the absence of ’ in the upper part of the
transition zone.
The mappings of Fig. 5.89 show the formation of Ti-nitride in the bondcoat after 10000h
exposure at 700°C. The TiN precipitates were found close to the bondcoat / substrate interface
inside the coating. The occurrence of TiN confirms previous findings in the optical
micrographs (Fig. 5.82). Another fact worth mentioning are the Cr-oxides within the
bondcoat. They are believed to mainly result from the plasma spraying process. However,
within approximately 10µm of the interface to the substrate no Cr-oxides were found in
samples exposed at 700°C for 10000h (Fig. 5.89). Instead, this region of the bondcoat
contains minor amounts of Al2O3. Therefore, it seems likely to assume that the Cr-oxides in
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the bondcoat close to the interface to the substrate were partly reduced by Al which diffused
into the coating from the substrate.

Ni20Cr
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Al
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Nimonic 80A
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Cr

Fig. 5.89: Backscattered electron image and X-ray element mappings of an atmospheric
plasma sprayed Ni20Cr coating on Nimonic 80A near coating / substrate interface after
10000h exposure at 700°C in Ar-50%H2O
Fig. 5.90 and 5.91 show linescans across precipitates found in Ni20Cr bondcoats on Nimonic
80A after 10000h exposure at 700°C in Ar-50%H2O. The precipitates were first observed
after 1000h exposure at 650 and 700°C. They occurred in small amounts throughout the
coatings. The precipitates contained Cr and N (Fig. 5.90) and in some cases also significant
amounts of Si (Fig. 5.91) since the bondcoat contains 1.2wt% Si. No C was found in the
precipitates. The nitrogen required for the formation of the Cr-Si-nitrides is assumed to
originate from the substrate material or might have entered the coating during plasma
spraying. As the extent of this type of nitride formation was very limited, it is unlikely that the
precipitates significantly affect the mechanical properties or the oxidation resistance of the
coatings.
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Fig. 5.90: Backscattered electron image and line scan of a cross-sectioned atmospheric plasma
sprayed Ni20Cr coating on Nimonic 80A after 10000h exposure at 700°C in Ar-50%H2O.
The picture shows Cr-nitride precipitates in the central part of the coating.
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Fig. 5.91: Backscattered electron image and line scan of a cross-sectioned atmospheric plasma
sprayed Ni20Cr coating on Nimonic 80A after 10000h exposure at 700°C in Ar-50%H2O.
The picture shows Cr-Si-nitride precipitates in the central part of the coating.
Taking into account all the results presented in this section, a mechanism for the formation of
the microstructural changes observed in high temperature exposed Ni20Cr-coated Nimonic
80A can be postulated. Nimonic 80A exhibits an FCC structure with  matrix and ’
precipitates (Fig. 5.92a). Cr-carbides are formed along the alloy grain boundaries. During grit
blasting the microstructure of the alloy near the surface was significantly changed (Fig.
5.92b). Dislocations and lattice defects formed in the Nimonic 80A. They promoted diffusion
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processes during the subsequent high temperature exposure. At elevated temperatures, Al
originating from the substrate formed Al2O3 along the interface to the bondcoat (Fig. 5.92c).
Al also diffused into the coating and partly reduced the Cr oxides originating from the
spraying process. Thus, the uppermost part of the substrate became Al-depleted. Since Al
strongly stabilises ’, this phase gradually decomposed. Consequently, the recrystallisation of
the transformation zone near the interface with the bondcoat resulted in formation of a pure layer in the substrate. At a larger distance from the bondcoat the Al concentration was still
high enough to stabilise ’. Small ’ precipitates changed into large particles due to Ostwald
ripening. At the same time Ti diffused from the transformation zone into the bondcoat to form
Ti-nitride precipitates near the interface with the substrate. The decreasing Ti concentration in
the transformation zone further promotes the decomposition of the ’-phase. After long-term
high temperature exposure the transformation zone completely covers the region that was
affected by the grit blasting (Fig. 5.92d). Recrystallisation caused grain coarsening throughout
this zone. The upper part of the transformation zone consists of -phase. Near the interface of
the transformation zone and the unaffected Nimonic 80A relatively large ’ crystals embedded
in a -phase matrix prevail. The amount of Ti-nitride in the region of the bondcoat near the
substrate increased with increasing exposure times. Similarly, the size of Cr/Si-nitride
precipitates in the coating increased. In summary, the observed microstructural changes in
high temperature exposed Ni20Cr-coated Nimonic 80A are caused by a combination of
sample manufacture, oxidation and interdiffusion processes. The postulated mechanism for
the formation of the transformation zone agrees with the experimental results derived form the
high temperature oxidation tests.
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Fig. 5.92: Schematic illustration of the development of the transformation zone in Ni20Crcoated Nimonic 80A during high temperature exposure; (a) as-received Nimonic 80A; (b)
surface treatment of Nimonic 80A; (c) short-term exposure; (d) long-term exposure
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5.2.5.2 Fe22Cr bondcoat on Nimonic 80A
Oxidation
Cross-sections of as-received and steam-exposed coatings are shown in Fig. 5.92. After
10000h exposure at 650 and 700°C cracks formed inside the TBC close to the interface with
the bondcoat. The cracks were caused by the formation of Fe-oxides on top of the Fe22Cr
coating. After 10000h at 700°C catastrophic TBC failure occurred (Fig. 5.92c). The TBCs
completely delaminated from the bondcoats (Fig. 5.94) whereby no oxide remained attached
to the TBC thus indicating that cracking occurred in the TBC. The observed failure mode is
schematically illustrated in Fig. 5.35. It is identical to that of Fe22Cr coatings on 1%Cr-steel
(see section 5.2.3.2).
During high temperature exposure at 650 and 700°C in Ar-50%H2O significant oxide
formation occurred in Fe22Cr bondcoats. The reasons for this poor oxidation behaviour are
the cermet-like microstructure and partial Cr depletion of the coatings which were already
observed in the as-received samples.
Despite the poor oxidation resistance, Fe22Cr bondcoats provided significant oxidation
protection to the Nimonic 80A. After 10000h exposure at 650°C the uncoated Ni-base alloy
formed an continuous, approximately 2µm thick oxide scale and a zone of internal oxidation
beneath the scale (Fig. 5.95). After the same exposure time at 700°C the scale on the Nimonic
80A was approximately 3 to 4µm thick. Beneath the Fe22Cr coating a zone of internal
oxidation formed, which appeared to be thinner than that beneath the oxide scale on the
uncoated alloy at both temperatures.
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Fig. 5.92: Cross-sections of atmospheric plasma sprayed Fe22Cr coatings; (a) as-sprayed
condition; (b) after 10000h exposure at 650°C in Ar-50%H2O; (c) after 10000h exposure at
700°C in Ar-50%H2O

1cm
Fig. 5.94: TBCs delaminated from a Fe22Cr bondcoat after 10000h exposure at 700°C in Ar50%H2O
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Fig. 5.95: Cross-sections of atmospheric plasma sprayed Fe22Cr coatings on Nimonic 80A
after 10000h exposure in Ar-50%H2O at (a) 650°C and (b) 700°C
Interdiffusion
After high temperature exposure all Fe22Cr coatings on Nimonic 80A contained substantial
amounts of precipitates (Fig. 5.96). They were first observed after 1000h at 650 or 700°C and
were present in the whole bondcoat but predominantly in large splats or unmelted spraying
particles. In samples tested for 3000 and 10000h the size of the precipitates increased
compared to the coatings exposed for 1000h. Quantitative element analysis revealed the
newly formed phases to be Cr-carbonitrides (Fig. 5.96). They indicate C and N diffusion from
the Nimonic 80A into the bondcoat. According to the WDX measurements the precipitates
contained approximately 10wt%Fe. Taking into account the small size of the analysed
precipitates, the Fe content is likely to result from the surrounding matrix alloy. The
formation of Cr-carbonitrides caused Cr depletion in the ferritic matrix (Fig. 5.96). This effect
was already observed in high temperature exposed Fe22Cr coatings on 1% and 10%Cr-steels
(section 5.2.3.2, 5.2.4.2). However, in the present case the Cr concentration of the bondcoat
matrix only decreased to approximately 17wt%, which is higher than the remaining Cr
content in the coatings on the ferritic / martensitic steels. It was concluded that the amount of
C and N which diffused into the bondcoat from the Nimonic 80A is significantly lower than
in case of the Fe22Cr coatings on the ferritic / martensitic steels.
The optical micrographs of Fig. 5.97 show the bondcoat / substrate interface of a steamexposed sample after 10000h at 700°C. In the left picture the formation of a transformation
zone in the substrate along the interface to the bondcoat was revealed by etching. It appeared
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very similar to the transformation zone observed in case of Ni20Cr-coated Nimonic 80A.
After high temperature exposure the part of the transformation zone in contact with the
bondcoat consisted of recrystallised -phase, while the region close to the Nimonic 80A also
contained ’. Fig. 5.97b shows indications for bondcoat / substrate interdiffusion. Austenised
regions formed in the part of the Fe22Cr coating that is in direct contact with the substrate.
Austenisation occurred due to Ni diffusion from the substrate into the coating. This process is
similar to the interdiffusion and austenisation process observed in high temperature exposed
Ni20Cr-coated ferritic / martensitic steels. Fig. 5.97b also shows the formation of a network
of precipitates in Nimonic 80A along the interface to the bondcoat. The orange colour of these
particles is typical for Ti-nitride. This compound is usually present in Nimonic 80A in form of
isometric crystals which have a size of several µm.
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Fig. 5.96: The backscattered electron image shows Cr-carbonitride formation in a crosssectioned atmospheric plasma sprayed Fe22Cr coating on Nimonic 80A after 3000h exposure
at 700°C in Ar-50%H2O. The WDX data are in wt%.
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Fig. 5.97: Cross-sections of an atmospheric plasma sprayed Fe22Cr coating on Nimonic 80A
after 10000h exposure at 700°C in Ar-50%H2O; (a) etched with V2A etchant; (b) unetched
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Microstructural changes
The chemical composition of the transformation zone formed between the Nimonic 80A
substrate and the bondcoat after 10000h at 700°C in Ar-50%H2O is shown in Fig. 5.98. The
picture of the transformation zone was taken just below the interface with the bondcoat. Fe
diffusion from the Fe22Cr coating into the substrate was found. The interface between
Nimonic 80A and the transformation zone is clearly visible in the Al and Ti mappings.
Nimonic 80A has a high Al and Ti concentration while the transformation zone is poor in Al.
As already described in chapter 5.2.5.1 these differences result from the microstructure of the
Ni-base alloy, which initially consists of small ’ precipitates in a matrix of -phase, while the
’-phase is absent in the transformation zone. The matrix of the transformation zone consists
of recrystallised -phase. Embedded into this matrix are Ti-nitrides and Cr-carbides. TiN was
found on most of the grain boundaries, while the carbides formed a few isometric precipitates
between  crystals. The element mappings of Fig. 5.98 showed no indication for the formation
of ’ in the transformation zone.
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N

C

Ti

Cr

Fe

Ni

Fig. 5.98: Backscattered electron image and X-ray element mappings of the transformation
zone in Fe22Cr-coated Nimonic 80A after 10000h exposure at 700°C in Ar-50%H2O. Upper
part of the picture showing transformation zone, lower part showing Nimonic 80A substrate.
The element mappings of Fig. 5.99 show a larger area of the bondcoat / substrate interface
than Fig. 5.98. After 10000h exposure at 700°C iron diffusion from the coating into the
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Nimonic 80A as well as nickel diffusion from the substrate into the bondcoat was found.
Based on the element mappings, two subzones in the transformation zone were observed. The
region in contact with the bondcoat consists of recrystallised -phase as already shown in Fig.
5.97 and 5.98. The region in contact with the Nimonic 80A contains  and ’-phase. The Al
and O mappings show Al2O3 scales along the bondcoat / substrate interface. The Al originated
from the Ni-base alloy since the Fe22Cr coating does not contain Al. As already described in
the previous section (5.2.5.1), the formation of Al2O3 causes Al depletion in the
transformation zone, which results in the dissolution of the ’-phase because this phase is
stabilised by Al.
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Fig. 5.99: Backscattered electron image and X-ray element mappings of the transformation
zone in Fe22Cr coated Nimonic 80A after 10000h exposure at 700°C in Ar-50%H2O.
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5.2.5.3 Comparison of coating behaviour on Nimonic 80A
Fig. 5.100 shows cross-sections of the Ni20Cr and Fe22Cr bondcoats on Nimonic 80A after
the maximum test duration of 10000h at 700°C. The sample with the Ni20Cr coating shows
no indication of coating damage like delamination or cracks. The oxidation resistance of the
bondcoat was good because protective, approximately 1µm thin oxide scales had formed. In
contrast, the TBC on the Fe22Cr coatings showed catastrophic failure due to bondcoat
oxidation. The formation of protective scales was not possible since the as-received coatings
already displayed a cermet-like microstructure and partial Cr depletion.
(a)

(b)

TBC

TBC residues

Oxide
scale

Fe22Cr
Ni20Cr

Nimonic 80A

Nimonic 80A

Fig. 5.100: Cross-sections of atmospheric plasma sprayed bondcoats on Nimonic 80A after
10000h exposure at 700°C in Ar-50%H2O; (a) Ni20Cr; (b) Fe22Cr
Ni20Cr as well as Fe22Cr coatings significantly improved the oxidation resistance of the
Nimonic 80A. The oxidation protection provided to the substrate material is illustrated in Fig.
5.101 for a sample oxidised for 10000h at 700°C. The uncoated surface formed a continuous
oxide scale and internal oxidation. Beneath the coatings only a small zone with internal Al2O3
precipitates occurred.
After high temperature exposure all samples showed a transformation zone in the Nimonic
80A substrate along the interface with the bondcoat (Fig. 5.102). This zone resulted from a
combination of grit blasting, subsequent Al depletion due to Al2O3 formation during high
temperature exposure and coating / substrate interdiffusion. The oxide scales on the uncoated
substrate material also caused the formation of a similar, but smaller transformation zone.
Each transformation zone beneath a bondcoat was composed of two subzones. The region in
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contact with the bondcoat consisted of recrystallised -phase, while the region in contact with
the Nimonic 80A contained ’ precipitates in a -phase matrix.
Ni20Cr

Internal oxidation

Nimonic 80A

Oxide scale on
uncoated alloy

Fig. 5.101: Illustration of the oxidation protection provided to Nimonic 80A by the Ni20Cr
bondcoat (10000h, 700°C, Ar-50%H2O)
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Fig. 5.102: Cross-sections of the transformation zone in atmospheric plasma spray coated
Nimonic 80A after 10000h exposure at 700°C in Ar-50%H2O; (a) Ni20Cr; (b) Fe22Cr
In the case of the Ni20Cr coatings on Nimonic 80A the Ti in the ’-phase was found to diffuse
into the coating to form Ti-nitrides. Furthermore, minor amounts of Cr/Si-nitrides were found
in the Ni20Cr bondcoat. The Cr-carbides originally present on the Nimonic 80A grain
boundaries disappeared from the transformation zone.
The transformation zones observed beneath the Fe22Cr coatings showed some differences
compared to those of Ni20Cr coated Nimonic 80A. No Ti-nitrides occurred in the Fe22Cr
bondcoat, instead, TiN formed in the transformation zone along grain boundaries of the -
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phase. Ni diffusion from the substrate into the bondcoat caused minor austenitisation in the
bondcoat.
In summary, the Ni20Cr coatings on Nimonic 80A appeared to be suitable for steam turbine
applications. They showed only minor oxide formation after long-term exposure and provided
an excellent bondcoat for TBCs. In contrast, the Fe22Cr coatings showed catastrophic TBC
failure after long-term exposure. The transformation zones observed beneath the bondcoats
are believed to have no significant adverse effects on the performance of the coatings at
elevated temperatures because of the small width of these zones.
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5.3 Thermal conductivity of TBCs
A low thermal conductivity represents a major physical property of ZrO2/7wt%Y2O3 required
for the application as a thermal barrier coating in steam turbines. It governs the heat transfer
from steam through the TBC towards the turbine casing. In this way the TBC indirectly
affects fundamental properties of the casing material such as microstructure, creep, thermal
expansion and oxidation performance. Since the thermal conductivity  is calculated from the
thermal diffusivity , the heat capacity cp and the density , it is first necessary to measure
these parameters before the conductivity itself can be determined.
(T) = (T) * cp(T) * (T)

(10)

Thermal diffusivity
The thermal diffusivity  was measured using two atmospheric plasma sprayed
ZrO2/7wt%Y2O3 samples of different thickness. The thickness of the specimens was varied to
check whether the testing facility and the samples were suitable to provide reliable results.
This procedure can be used because the thermal diffusivity is independent of the specimen
thickness. As can be seen from Fig. 5.103 both tested samples revealed similar data with only
minor differences. Therefore, the measured values are considered to be reliable.
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Fig. 5.103: Thermal diffusivity of atmospheric plasma sprayed ZrO2/7wt%Y2O3 coatings
measured using laser flash equipment; Samples of different thickness appeared to yield
similar results
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For better data handling, a trendline was fitted to the experimental data between 200 and
750°C, which is the most important temperature range for the intended application. This curve
is also plotted in Fig. 5.103. It can be described mathematically by the equation:
 = 1*10-15T3+15*10-10T2-16*10-7T+0.0025

(11)

All individual data obtained in the thermal diffusivity measurements shown in Fig. 5.103 are
listed in Appendix II.
Heat capacity
Fig. 5.104 shows the results of the heat capacity measurement measured by differential
scanning calorimetry (DSC) of an atmospheric plasma sprayed ZrO2/7wt%Y2O3 sample. The
curve is flat and nearly horizontal, indicating that no phase transformations or chemical
reactions occurred in the temperature range between 100 and 800°C. The obtained cp values
of 0.5 to 0.6J/g*K are in good agreement with literature data [Arima-1]. The measured cp
values are listed in Appendix III.
0 .8
0 .7

cp in J/g*K

0 .6
0 .5
0 .4
0 .3
0 .2
0 .1
0
0

1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0

7 0 0

8 0 0

T in °C
Fig. 5.104: Heat capacity of an atmospheric plasma sprayed ZrO2/7wt%Y2O3 coating
measured using differential scanning calorimetry
Density
Due to the TBC microstructure, especially in respect to the numerous pores and microcracks,
it was decided not to determine the density of the coating experimentally. Instead literature
data was used for the further evaluation.
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The density Dx of tetragonal Zr0.9Y0.1O1.95 at room temperature obtained by X-ray diffraction
and structure refinement is reported to be 6.003g/cm3 [PDF-1]. From [Touloukian-1] it was
found that between 100 and 800°C the density of the same type of material decreases by
approximately 4%. Using these data the density for ZrO2/7wt%Y2O3 was calculated (Fig.
5.105) and subsequently used for the determination of the thermal conductivity.
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Fig. 5.105: Calculated density of ZrO2/7wt%Y2O3 (based on data in reference [PDF-1,
Touloukian-1])
Thermal conductivity

The thermal conductivity  can be calculated from the above data using equation (10). The
calculated thermal conductivity of atmospheric plasma sprayed ZrO2/7wt%Y2O3 coatings is
given in Fig. 5.106. The curve is nearly horizontally and shows a small increase of  at higher
temperatures. The thermal conductivity is in the range of 0.7 to 0.75W/m*K. Because of these
low  values the investigated ceramic coatings are believed to perform as a very good thermal
barrier system in the temperature range up to 800°C. At higher temperatures no measurements
were carried out and predictions are hardly possible by the fact that the coatings tend to start
sintering at elevated temperatures [Kulkarni-1]. Once sintering occurs the porosity of the
coating decreases and as a result  increases [Belmonte-1, Rätzer-Scheibe-1, Taylor-1,
Zhang-1].

Comparison of the present results with literature data was difficult because the vast majority
of studies is related to TBCs for gas turbine applications. The application temperatures in gas
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turbines substantially exceed 800°C and thus sintering of the coatings leads to higher  values
than found in the present study. Only in few publications thermal conductivity data for
atmospheric plasma sprayed ZrO2/Y2O3 TBCs including heating curves of as coated samples
without any previous heat treatment can be found. Typical  data from these sources are in the
range of 0.61 to 0.73W/m*K [Baufeld-1, Rangaraj-1] at 600°C and are thus slightly lower
than the own data shown in Fig. 5.106. The differences can be attributed to different
microstructures (especially porosity) of the used materials. In comparison, the thermal
conductivity of heat treated plasma sprayed ZrO2/Y2O3 TBCs for gas turbine applications is in
the range of 0.9 to 1.5W/m*K at 1100°C [Baufeld-1, Rätzer-Scheibe-1, Zhang-1] and in the
range of 1.0 to 1.25W/m*K at 600°C [Baufeld-1, Rätzer-Scheibe-1].
1
0 .9

 in W/m*K

0 .8
0 .7
0 .6
0 .5
0 .4
100

200

300

400

500

600

700

800

T in °C
Fig. 5.106: Thermal conductivity of atmospheric plasma sprayed ZrO2/7wt%Y2O3 coatings
calculated using data from Figures 102, 103 and 104.
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5.4 Pressure drop tests
Pressure drop tests were carried out in order to assess the effect of a sudden pressure drop to
coatings with gas-filled pores. These tests are intended to simulate conditions in a steam
turbine during emergency shut-down. To evaluate the effect of the pressure drop experiments
on coated samples, the tested specimens were compared with as-received coatings of the same
batch. Possible changes in the coatings during the tests were studied using micrographs of
sample cross-sections. The test procedure is described in detail in section 4.5.
Figs. 5.107a to d show thermal barrier coated samples without topcoat in the as-received
condition and after the maximum autoclave exposure of 30 pressure releases. The tested
specimens exhibit hardly any difference compared to the untested ones. Despite considerable
thermal and mechanical stresses during the experiments, the coatings show neither crack
formation nor delamination. Search for spalled coating material inside the autoclave yielded
no evidence of sample damage. The only microscopically visible effect of pressure drop
testing was minor oxide formation along the substrate / bondcoat interface (Fig. 5.107d).
In contrast to these findings, specimens with a Ni20Cr topcoat on the TBC show clear signs of
spalling after the pressure drop testing. While as-received samples (Fig. 5.108a, b) exhibit
narrow vertical and short-range horizontal cracks, specimens subjected to 30 pressure drops
(Fig. 5.108c, d) show widened vertical and clearly expanded horizontal cracks. These cracks
had a maximum length of 2mm but caused no complete delamination of the metallic topcoats.
The crack formation and propagation during the pressure drop tests may be affected by a
number of factors. First, thermal stresses are initiated during heating and cooling as a result of
differences in thermal expansion coeffizients of the various materials. Second, the rapid
pressure drop which occours when the gas is released from the autoclave leads to high gas
velocities and pressure gradients inside coating cracks. Particularly, vertical cracks through
the topcoats were affected since they offered the only passage for the helium to escape from
the TBC.
To get more detailed insight into the reasons for crack propagation during pressure drop
testing, a number of thermoshock experiments described in chapter 5.5 were carried out. An
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assessment of the results of the pressure drop and thermoshock experiments will also be given
in this chapter.
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Fig. 5.107: Cross-sections of atmospheric plasma spray coated samples; (a) + (c) as-sprayed
condition; (b) + (d) after 30 pressure drop tests
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Fig. 5.108: Cross-sections of atmospheric plasma spray coated samples with Ni20Cr topcoat;
(a) as-sprayed condition; (b) after 5; (c) after 25 and (d) after 30 pressure drop tests
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5.5 Thermoshock testing of coated samples
The thermoshock tests were carried out to investigate the thermal / thermomechanical effects
initiated during heating up and cooling down on coated samples. Also, the consequences
arising from the situation that a water-filled porous coating is exposed to a sudden
temperature increase – a scenario that might occur during steam turbine startup – had to be
examined. The experimental procedure is described in detail in section 4.6.
Two batches of samples with different topcoats were tested. The topcoats of the first batch
were sprayed using a fine-grained (-22 +11µm) Ni20Cr powder. For the second batch the
same NiCr-material but coarse-grained (-106 +45µm) was employed.
Cross-sections of the specimens top-coated with fine-grained powder are presented in Fig.
5.109. Water-soaked samples tested for the maximum experiment duration of 30 thermocycles
(Fig. 5.109b) look virtually identical to those in the as-received condition (Fig. 5.109a). Preexisting cracks did not increase in length during the experiments and no further damage to the
coatings could be observed. In contrast, specimens exposed to dry thermoshock without
previous water soaking (Fig. 5.109 c) showed changes in the TBC coating structure after 30
cycles. Vertical cracks through the topcoat widened compared to those in as-received
samples. This finding was believed to be attributed to the thermal expansion / shrinking of the
topcoat during the thermoshock experiments.
A special feature of specimens coated with fine-grained Ni20Cr powder is presented in Fig.
5.110a and b. The pictures show a sample soaked with ethanol to make the topcoat cracks
macroscopically visible. This visualisation is caused by the fact that ethanol on the surface of
the sample evaporated very fast leaving a light-grey surface, while ethanol from TBC pores
migrated towards the surface due to capillary forces making the cracks in the topcoat visible
as dark-grey lines. Figs. 5.110a and b show the same sample before and after 30 dry
thermoshock cycles respectively. No propagation of topcoat cracks is visible on the tested
specimen, leading to the conclusion that coating damage only occurred in form of a widening
of the vertical cracks as observed in the sample cross-sections.
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Fig. 5.109: Cross-sections of samples having atmospheric plasma sprayed topcoats of finegrained Ni20Cr powder; (a) as-received condition; (b) after 30 thermoshock cycles (watersoaked); (c) after 30 thermoshock cycles (dry) and (d) after 30 pressure drop tests
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Fig. 5.110: Crack pattern of an atmospheric plasma sprayed Ni20Cr topcoat manufactured
using fine-grained powder. The sample was ethanol-wetted to visualise topcoat cracks. (a) assprayed condition; (b) after 30 thermoshock cycles (dry)
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Since specimens with fine-grained Ni20Cr topcoat were also used for the pressure drop
experiments, it was decided to include the results derived from these samples into this section
for comparison with the thermoshock tested coatings. Fig. 5.109d shows the cross-section of
an pressure drop-tested sample after 30 runs. The widened vertical crack through the topcoat
in this sample is similar to the one found in the thermoshock-tested sample in Fig. 5.109c.
This indicates that damage due to pressure drop testing was partly caused by thermally
induced stresses as a result of temperature changes. However, the horizontal cracks in Fig.
5.109d do not seem to result from thermal cycling since they are absent in samples subjected
to thermoshock (Fig. 5.109c). Therefore, the widening of horizontal cracks is attributed to the
high pressure gradients between the TBC and the atmosphere surrounding the sample during
the pressure drop experiments.
The water-soaked sample in Fig. 5.109b was expected to suffer serious damage from the
thermoshock testing since it was assumed that a transfer of liquid water to vapour in the pores
of the coating would cause a high steam pressure inside the TBC. This was assumed to result
in similar coating damage as found after pressure drop testing (Fig. 5.109d). However, sample
cross-sections exhibit clear differences in the crack patterns of the two samples. The watersoaked coatings showed virtually no changes after 30 thermoshocks (Fig. 5.109b) compared
to the sample in as-received condition (Fig. 5.109a). In contrast, the sample subjected to 30
pressure drops showed significantly widened horizontal and vertical cracks (Fig. 5.109b).
A possible explanation is that boiling water inside the pores “consumed” heat from the
coating and in this way decreased the temperature of the TBC. The steam that flowed out of
the coating may have additionally provided cooling to the topcoat thereby lowering the
furnace temperature near the outer surface of the sample. Taking into account the high
specific heat capacity and heat of vaporization of water, the large porosity of the coating that
is filled with water and the low thermal conductivity of the TBC, it is likely that the boiling of
the water inside the coating continued for several seconds or even longer. Consequently, the
thermal gradients during heating-up and the overall sample temperature are believed to have
been substantially lower than in the other thermoshock or pressure drop experiment. Since a
reduced test temperature leads to decreased mechanical stresses, the driving force for crack
propagation decreased and so did the sample damage. Comparison of as-received samples
(Fig. 5.109a) and water-soaked specimens after 30 thermocycles (Fig. 5.109b) supports the
assumption of less severe test conditions during the “wet” experiment since no additional
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damage (e.g. larger or wider cracks) of the coatings is visible in the cross-sections. A
schematic illustration of the postulated damage mechanisms of the coatings is given in Fig.
5.111.
Thermoshock test (600°C, water-soaked)

As-received condition

Slowly
escaping steam
Topcoat

Topcoat

TBC

TBC

Pre-existing topcoat and TBC cracks

No coating damage due to “steam cooling”

Thermoshock test (600°C, dry)

Pressure drop test (600°C, 170bar)
Pressurized, hot helium

Topcoat

Topcoat

TBC

TBC
Broadened and lengthened cracks due to
high thermal and mechanical loads

Broadened cracks due to high thermal loads

Fig. 5.111: Schematic illustration of different types of coating damage during pressure drop
and thermoshock experiments
The results for the second batch of samples, which had a topcoat sprayed of coarse-grained
Ni20Cr powder are presented in Fig. 5.112. Coating damage in the as-received condition is
clearly visible in form of transversal cracks (Fig. 5.112a) and even more pronounced after 30
thermoshock cycles (Fig. 5.112c). Pre-existing horizontal cracks widened and propagated to a
maximum length of 3mm during the thermal cycling. These cracks usually ran near the
topcoat / TBC interface, but inside the TBC. No complete topcoat delamination was observed,
but cracks occupied approximately two-third of the TBC / topcoat interface. Apart from these
damaged areas, also sections without horizontal cracking occurred (Fig. 5.112d), usually at
some distance from the vertical topcoat cracks. Again, samples which were water-soaked
before thermal cycling (Fig. 5.112b) seem to show less damage compared to those
thermoshock tested in dry condition. The main difference consists in significantly shorter
crack lengths for the “wet” tested coatings.
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Fig. 5.112: Atmospheric plasma spray coated samples with a topcoat sprayed of coarsegrained Ni20Cr powder; (a) as-sprayed condition; (b) after 30 thermoshock cycles (watersoaked); (c) and (d) after 30 thermoshock cycles (dry)
In summary, it can be said that the results of the thermoshock and pressure drop experiments
described in this and the previous section allowed to identify different mechanisms of sample
damage during the experiments. Thermal cycling caused the widening of existing vertical
topcoat cracks, while mechanical stresses, which result from the large pressure gradients
during the degassing of the coatings, caused existing horizontal cracks inside the TBCs to
increase in length and width. Water-soaking prior to the thermoshock tests led to decreased
sample damage, probably because the generated steam provided cooling to the coatings and
thus decreased the temperature of the samples.
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6. Summary and conclusions
In the present study the suitability of atmospheric plasma sprayed thermal barrier coating
systems (TBCs) for steam turbine applications was investigated. The substrates on which the
coatings were applied included typical construction materials for steam turbines components
like ferritic / martensitic 1%Cr and 10%Cr-steels. Additionally, the Ni-base alloy Nimonic
80A was used as substrate material envisioning components operating at higher temperature.
The investigated bondcoats were the chromia forming Ni-base coating Ni20Cr, the chromia
forming Fe-base coating Fe22Cr and an alumina forming CoNiCrAlY coating. The ceramic
thermal barrier coatings consisted of ZrO2/7wt%Y2O3. For erosion protection of the TBC a
metallic Ni20Cr topcoat was applied.
It was shown that atmospheric plasma spraying allows the manufacturing of high quality
ZrO2/7wt%Y2O3 coatings. These coatings exhibit a uniform structure, excellent adherence to
the bondcoats and no deleterious crack formation. Spraying angles of 90° to 45° to the
surfaces to be coated were found to be suitable for the deposition of TBCs without
significantly influencing the TBC microstructure. The laterally consistent thickness and
uniform porosity of coatings of different batches exhibited good reproducibility and control of
the coating deposition technology by the manufacturer. The TBCs consist of the metastable
t’–phase and were found to be stable in Ar-50%H2O at ambient pressure and 550 to 700°C up
to 10000h. No changes in the phase composition or microstructure between as-received and
oxidation tested specimens were detected. The investigated atmospheric plasma sprayed
TBCs were found to possess a low thermal conductivity of 0.7 to 0.75W/m*K in the
temperature range 100 to 800°C.
The investigated metallic bondcoats Ni20Cr, Fe22Cr and CoNiCrAlY showed the typical
microstructure of atmospheric plasma sprayed coatings. They consisted of pancake-like splats
in combination with pores and oxide phases. In the as-sprayed condition, all coatings showed
very good adherence to the metallic substrates. The Ni20Cr bondcoats showed minor oxide
formation in the as-sprayed condition and the coatings were relatively dense but not
completely gas-tight. The Fe22Cr coatings formed large amounts of oxides during the plasma
spraying, which caused significant Cr depletion in the coating particles thus strongly affecting
the high temperature performance of these coatings. CoNiCrAlY bondcoats showed no
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indication of oxidation during the coating manufacturing process. However, these coatings
exhibited the largest porosity of all bondcoats investigated in this study.
On the 1%Cr-steel the CoNiCrAlY coatings showed better performance than the two other
bondcoats. Neither the TBC nor the bondcoat exhibited cracks or delamination after the
maximum test duration of 10000h in the temperature range 550 to 600°C. During high
temperature exposure the coatings formed submicrometer thin, protective Al2O3 scales. These
extremely slowly growing scales are a proof for the outstanding long-term oxidation
resistance of the CoNiCrAlY system at 550 and 600°C. Furthermore, the Al2O3 scales on the
surface of the splats act as a diffusion barrier and prevent interdiffusion between bondcoat and
substrate. However, the investigated CoNiCrAlY bondcoats could still be improved by
decreasing the porosity of the coatings, since coating systems with open pores were found to
result in the formation of Fe-rich oxides on the surface of the steel substrate growing into
coating pores. The CoNiCrAlY coatings underwent significant phase changes during longterm high temperature exposure. After 3000h at 600°C the phase composition of the bondcoat
had reached a stable state. The observed equilibrium phases were in good agreement with the
prediction of thermodynamic equilibrium calculations however, only when the extremely
slowly forming -phase was excluded in the calculations.
The Ni20Cr bondcoats also showed excellent performance on the 1%Cr-steel. Thin, protective
chromia scales formed on the surface of the coating splats and the substrate oxidation was
similar to that found beneath the CoNiCrAlY bondcoats. No delamination or TBC damage
was observed up to the longest test times of 10000h. The good adherence of bondcoat and
substrate resulted in local Ni diffusion from the coating into the steel during high temperature
exposure since no continuous oxide layer acting as diffusion barrier was present. The Ni
diffusion resulted in local austenisation of the ferritic / martensitic steel along the interface
with the bondcoat. The penetration of the austenitic domains into the steel substrate proceeded
at an approximately parabolic rate and showed a clear temperature dependence.
The investigated Fe22Cr bondcoats were found to be unsuitable for the long-term application
in steam at 550 or 600°C when applied on the 1%Cr-steel. C diffused from the steel into the
coating and formed large amounts of carbides. Due to the poor coating quality (oxides, Cr
depletion) the bondcoats showed insufficient oxidation resistance and as a result catastrophic
TBC failure after long-term exposure. In contrast, sheet metal of the same composition
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showed excellent oxidation properties and may possess long-term oxidation resistance in high
temperature steam environments. These results emphasise the importance of carefully
controlling the quality of atmospheric plasma sprayed coatings during manufacture to ensure
the reliability of the coating system.
The performance of the Ni20Cr, Fe22Cr and CoNiCrAlY bondcoats on the martensitic
10%Cr-steel was similar to that on the 1%Cr-steel. Again, the CoNiCrAlY proved to be the
most suitable coating material since the oxidation resistance of the coating was found to be
excellent at 600 and 650°C even after 10000h exposure. TBC damage, coating delamination
or interdiffusion were not observed up to the maximum exposure time of 10000h. The
substantial porosity of the bondcoat, causing the formation of a discontinuous oxide scale on
the coated steel substrate, was the only detrimental effect found in case of CoNiCrAlY
coatings. Producing less porous bondcoats should decrease the substrate oxidation. The
CoNiCrAlY bondcoats reached a stable phase composition after 3000h exposure at 600 and
650°C. The Ni20Cr bondcoats showed good oxidation resistance, no delamination or TBC
damage but significant, local Ni diffusion from the coating into the substrate. At 600°C the
resulting austenisation of the substrate material proceeded faster in the 10%Cr-steel than in
the 1%Cr-steel. Again, the penetration of the austenitic domains into the steel substrate
proceeded at a near parabolic rate and showed a clear temperature dependence. The Fe22Cr
bondcoats showed catastrophic TBC failure and extensive carbide formation after long-term
exposure (e.g. 10000h at 650°C), as already found for this coating on the 1%Cr-steel.
The open porosity of the bondcoats resulted in the local formation of Fe-rich oxides on the
coated surface of the ferritic / martensitic 1%Cr- and 10%Cr-steel substrates. The amount of
these oxides and the oxide penetration depth into the bondcoat was found to be larger in case
of coatings with increased porosity. The maximum penetration depth of the oxides into the
bondcoats was found to be significantly smaller than the thickness of the oxide scales which
formed on the uncoated steels. These differences occurred because the growth rate of the
oxides into the bondcoat pores was strongly affected by the pore morphology. The outward
growth of Fe-oxides is governed by the outward diffusion of Fe cations which in the present
case was governed by the smallest pore diameter through which the oxides grew.
On the Nimonic 80A substrate only Ni20Cr and Fe22Cr bondcoats were investigated. The
CoNiCrAlY bondcoat will be tested in a follow-up project. The Fe22Cr coating again failed
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due to its poor oxidation resistance. The Ni20Cr bondcoat showed better oxidation resistance
than Nimonic 80A. Substrate oxidation via open pores in the coating could almost totally be
suppressed since the Nimonic 80A forms thin, protective oxide scales. No TBC damage or
coating delamination was observed for Ni20Cr bondcoats. Beneath the Ni20Cr and the
Fe22Cr coatings a continuous transformation zone formed in the Nimonic 80A substrate. This
zone resulted from a combination of grit blasting, oxidation and interdiffusion processes but
seemed to have no significant adverse effects on the performance of the coatings up to the
maximum exposure times of 10000h.
Two different batches of Ni20Cr topcoats were sprayed, one made of fine-grained and one
made of coarse-grained spraying powder. All topcoats formed cracks propagating in the
underlying ceramic thus causing significant TBC damage. The reason for this crack formation
are the mechanical stresses which develop when the topcoats cool down to room temperature
after plasma spraying. The fine-grained topcoats contained large amounts of oxides, which
made the coatings brittle and resulted in less TBC damage. The coarse-grained coatings had a
more metallic character and caused the formation of large TBC cracks. The crack pattern of
the coatings could be visualised in a non-destructive way.
Thermoshock and pressure drop experiments were carried out to investigate the reliability of
coating systems under the exceptional conditions that may occur during the start-up or the
emergency shut-down of a steam turbine. Coating systems without metallic topcoat did not
show any indication of coating damage due to repeated thermoshocks or pressure drops. It
was found that sudden temperature changes mainly affect the vertical cracks found through
the Ni20Cr topcoats, while the horizontal cracks near the TBC / topcoat interface were found
to be adversely affected by a fast pressure drop.
In summary, it can be said that for each of the three investigated substrate materials a suitable
bondcoat was found, which allowed the application of a TBC to this material. It was
successfully shown that under the given experimental conditions these coating systems could
be applied for long-term service in high temperature steam environments. For the application
in power plants possible influences of steam conditioning agents on the TBCs and the coating
systems should be taken into account.
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Appendix I:

Interdiffusion results

Illustration of the Ni diffusion from Ni20Cr coatings into ferritic / martensitic steels. Plotted
are the maximum penetration depths of the austenised domains into the substrate materials.
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Appendix II:

Thermal diffusivity results

Results of the thermal diffusivity measurements of freestanding APS ZrO2/7wt%Y2O3
coatings.
Sample thickness: 1mm
T in °C
18
18
96
96
98
98
98
198
199
200
201
201
296
297
297
297
298
396
396
396
396
397
447
449
452
452
453
454
495
495
495
496
496
546
550
550
551

 in cm2/s
0.00282
0.00281
0.00256
0.00253
0.00253
0.00247
0.00248
0.00227
0.00232
0.00225
0.00223
0.00222
0.00203
0.00201
0.00207
0.00203
0.00202
0.00199
0.00199
0.00199
0.00198
0.002
0.00211
0.00201
0.00205
0.00199
0.00201
0.002
0.002
0.00202
0.002
0.00201
0.00202
0.00208
0.00202
0.00198
0.00204

T in °C
551
598
598
599
600
600
602
644
645
645
646
646
698
698
699
700
701
703
750
750
751
753
754
796
796

Sample thickness: 2mm
 in cm2/s
0.00201
0.00204
0.00205
0.00206
0.00193
0.00204
0.00181
0.00207
0.00198
0.00221
0.00208
0.00208
0.00205
0.00229
0.00216
0.00206
0.00197
0.00196
0.00206
0.00222
0.00222
0.00215
0.00229
0.00229
0.00212
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T in °C
24
24
25
96
97
98
99
99
196
198
199
201
202
202
295
296
296
297
298
395
395
395
396
396
397
398
447
449
451
452
492
494
495
496
550
551
551

 in cm2/s
0.00273
0.00265
0.00278
0.00241
0.00255
0.00234
0.00243
0.00238
0.00223
0.00216
0.00219
0.00221
0.00217
0.00222
0.0022
0.00221
0.00211
0.0021
0.00213
0.00205
0.00206
0.00213
0.00211
0.00217
0.00212
0.0021
0.00216
0.00234
0.00206
0.00202
0.00217
0.0021
0.00211
0.00214
0.0022
0.00218
0.00213

T in °C
599
600
649
650
650
695
700
700
751
753
753
797
798
799
799
800

 in cm2/s
0.002
0.00227
0.00228
0.00227
0.00228
0.00215
0.00241
0.0021
0.00207
0.00228
0.00224
0.00253
0.00249
0.0023
0.00256
0.00264

Appendix III:

Heat capacity results

Results of the heat capacity measurement of a freestanding APS ZrO2/7wt%Y2O3 coating.
T in °C
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410
420

cp in J/g*K
0.45065
0.46914
0.48307
0.49144
0.49664
0.50485
0.50856
0.51534
0.51978
0.52474
0.52803
0.53149
0.53528
0.53836
0.54117
0.54348
0.54613
0.54945
0.55281
0.55482
0.55763
0.55828
0.56243
0.56351
0.56537
0.56577
0.5681
0.5695
0.57226
0.57345
0.57456
0.57668
0.578
0.57881
0.57941
0.57883
0.57932
0.58166

T in °C
430
440
450
460
470
480
490
500
510
520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720
730
740
750
760
770
780
790
800
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cp in J/g*K
0.58323
0.58499
0.58605
0.58568
0.58577
0.58646
0.58859
0.58865
0.58929
0.59195
0.59261
0.59296
0.5942
0.59166
0.59359
0.59501
0.59767
0.59919
0.59843
0.59898
0.59804
0.59997
0.59953
0.60058
0.60859
0.60081
0.60652
0.60281
0.61062
0.60629
0.60639
0.60802
0.60345
0.59943
0.60744
0.61053
0.59698
0.59722

Appendix IV:

List of abbreviations

APS

atmospheric plasma spraying

at%

percent by atoms





-phase (bcc structure)

’



-prime phase (bcc structure)

bal

balance

bcc

body-centered cubic





-phase (-NiAl, fcc structure)

CTE

coefficient of thermal expansion

EB-PVD

electron beam physical vapor deposition

EDX

energy-dispersive X-ray spectroscopy

fcc

face-centered cubic





-phase (-NiCoCrAl solid solution, fcc structure)

’



-prime phase (’-Ni3Al, fcc structure)

SEM

scanning electron microscopy



-phase (-CrNiCo, tetragonal structure)

t

t-phase (tetragonal structure)

t’

t-prime phase (metastable, tetragonal structure)

TBC

thermal barrier coating

wt%

percent by weight

XRD

x-ray diffraction
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