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ABSTRACT

Domestic demand for electricity in Thailand increases continuously as a result
of economic expansion and the increasingly hot weather. The energy sector has a
long-term plan to invest in new power plants in order to keep up with the growing
demand. This plan includes both fossil fuel and alternative technologies such as nuclear
and biofuel. However, in the short-term plan, natural gas-fired power plants dominate
electricity generation in Thailand, both in terms of installed capacity and the amount of
fuel consumption. Gas-fired combined cycle power plants have moderate fuel
consumption efficiency. The efficiency is partly limited by the material technology of
the engine components. Surface engineering, in particular thermal spraying, has a major
role in increasing the plant efficiency by raising the operational temperature of the

turbine engine thus making optimal use of the scarce fossil fuel.
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1. INTRODUCTION

Demand for energy in Thailand,
especially electricity, increases continuously
every year. The current rate of increase is
about 4-5% annually and is due to domestic
usage as a result of population growth
as well as industrial needs due to the
country’s development. At the current
rate, the demand for electricity is
reasonably expected to double within the
next 15 years. Much has to be done in order
to cope with this rapidly expanding
demand including raising awareness and
promoting energy saving practices both in
household and in industrial uses, research
and development in the areas of the effective

utilization of fossil fuels and in alternative
renewable fuels.

Electricity generation in Thailand is
managed solely by a state-owned utility
known as EGAT (Electricity Generating
Authority of Thailand). There are 4 groups
of supplier as follows;

- EGAT power plants (state-owned)

- Independent power producer (IPP)

- Small power producer (SPP)

- Neighboring countries (Laos and

Malaysia)

At the end of 2011, EGAT had about
130 power generators with a combined
installed capacity of approximately
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15,000 MW. Another 14-15,000 MW was
provided by IPP and SPP and a small
amount was purchased from Thailand’s
neighbors. These together provide a total
installed capacity of approximately 30,000
MW [1]. <

Thailand is currently operating at
15-20% reserve margin of the total installed
capacity. However, when the weather is
very hot as it has been in the past years,
the peak demand for electricity increases
due to the use of air conditioning. It is
estimated that an increase in the ambient
temperature of 1°C in the current condition
will roughly increase the electricity
demand by about 250-300 MW [2], pushing
down the reserve margin closer to 15%.
Thus, more severe hot weather is another
factor contributing to the rising demand
in the electricity.

Thailand’s plan within the next 5 years
includes construction of new power plants.
The immediate plan involves mostly gas-
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fired combined cycle power plants totaling
to about 3,000 MW. After this period, the
focus broadens to include power from
clean coal, nuclear and alternative green
energies. But for the near future, the
combined cycle system using natural gas as
a fuel will remain a main source of energy
in Thailand. Table 1 indicates that almost
half of the total installed capacity from
EGAT power plants is generated through
the combined cycle plants. Hence, while it
is essential to pursue the advanced
renewable energy technology, it is equally
important to strive to improve efficiencies
of the existing generating facilities in
particular the combined cycle plant. The
benefit is not only realized in the slower
rate of fossil fuel consumption but also in
the reduction of green house gas emission.
Continuous improvement of the power
plant and the fuel usage will have a
significant impact on Thailand’s economy
and security.

Table 1. System installed generating capacity in 2010 [3].

Combined Cycle 6,866.00 45.8
Thermal 4,699.00 31.3
Hydropower 3,424.18 22.8
Renewable energy 4.55 0.05
Diesel Oil 4.40 0.05

Total 14,998.13 100

* The data covers the state-owned power plants only.

2. NATURAL GAS-FIRED POWER PLANT
Simple-cycle gas turbine power plant

is known for its relatively low capital cost,

high reliability, short delivery time and fast
starting and loading [4,5]. In this cycle, cold
air enters the compressor and is compressed
to some higher pressure. The compression
increases the air temperature and pressure.

The air is mixed with fuel gas in the
combustion chamber when combustion
occurs. During combustion, the gas
volume expands whilst the pressure is
constant (theoretically). The temperature
and the entropy of the gas however increase
rapidly. The gas then enters the turbine
section where the energy of the hot gases
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is converted into work that drives
the compressor and the generator, see
Figure 1. A large amount of energy is
wasted through the turbine exhaust which
is typically at a temperature of 400-600°C.
A modern simple cycle gas turbine engine
has an efficiency of 30-40% [6].

fuel

combustor

gengrator

Figure 1. Schematic diagram of a simple-
cycle gas turbine.

In part-load operation however its
efficiency can significantly drop, resulting
in a lower fuel economy. For example, it
was estimated that at 50% load, the gas
turbine achieves around 75% of its full-load
efficiency, and at 30% load the efficiency
is reduced by 50%. The part-load per-
formance in terms of the work output and
the efficiency can be increased through
various machine designs and process
improvement such as recuperation (heat
exchanging) and intercooling. In order
to increase the plant output further, a
combined cycle such as the Brayton-
Rankine cycle is employed. The combined
Brayton-Rankine cycle power plant
utilizes a steam turbine and a gas turbine
thermodynamic cycles by using heat
recovered from the gas turbine exhaust
gases for steam production to supply the
steam turbine as shown in Figure 2. First,
the natural gas is burned in a combustion
chamber of the gas turbine to produce a
flow of hot gas which drives the turbine.
The turbine is coupled to a generator
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producing electricity. After the gas turbine,
the hot exhaust gas is captured using a heat
recovery steam generator to produce
superheated steam. The steam expands and
drives a steam turbine which is attached to
a second generator, producing more
electricity. By using the exhaust heat from
the gas turbine engine to produce
superheated steam via a complex heat
recovery cycle, the overall efficiency of the
combined cycle power plant is increased
to 50-58% [6,7], significantly higher than
that of the simple cycle.

“rompressor

Figure 2. Schematic diagram of a combined
cycle generation unit.

In order to increase the turbine
efficiency further, the process conditions
need to increase in severity, i.e. the firing
temperature and the pressure of the gas
need to be raised. Advanced high tem-
perature material and cooling technique are
therefore important factors limiting the
performance of the modern gas turbine
power plant.

3. THE USE OF THERMAL SPRAYING FOR GAS
TURBINES

Many components in the simple cycle
gas turbine plant and the combined cycle
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plant work under high temperature
environment, particularly in the gas
turbine cycle where the maximum
temperature is typically higher than 800°C.
As a result components are prone to
failures from creep, wear and corrosion at
high temperature. The structure of the gas
turbine engine’s components is largely
constructed from metals. High temperature
creep-resistant Ni alloys such as Inconel and
Hastelloy are the standard material for
components operating in the hot gas path
such as compressor, combustion basket/
liner, transition piece and turbine blade
and vanes. The use of Ni alloy components
limits the maximum operating condition
of the turbine to approximately 900°C.
The critical components where the internal
temperature is highest, and can be well
above 900°C, are the combustion liner
which forms a wall of the combustion zone

300 mm

Figure 3. Example of a transition piece used
in the gas turbine engine. The picture shows
4 transition pieces. The shape and size of
the transition piece varies according to the
engine model.
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and the transition piece (see Figure 3) which
transports and alters the shape of the hot
gas going into the turbine zone. There are
some newer designs where refractory
ceramic tiles may be employed as the liner
for the combustion chamber thus achieving
a firing temperature above 1,200°C.

In order for the turbine to operate at
a higher temperature, thermal barrier
coatings (TBC) have been extensively
employed to protect the Ni alloy com-
ponents from high temperature corrosion.
There are various techniques and materials
used for the fabrication of TBC. In this
paper, the focus is given to a thermal-
sprayed type TBC as it is widely used in
the gas turbine engine in Thailand.
Conventional TBC consists of 2 layers of
coating; an outer topcoat and an
intermediate bondcoat, see Figure 4. The
partially-stabilized ZrO, topcoat acts as a
thermal insulator for the metallic
component under heat flux conditions and
can withstand an operating condition above
1,200°C. ZrO, partially-stabilized with 7-
10wt.%Y,O, is a standard material used for
the TBC topcoat for land-based gas turbine
applications. Its popularity is due to its

low thermal conductivity, relatively high

. - 100 micron

Figure 4. Typical plasma-sprayed TBC for
land-based gas turbine components.
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thermal expansion coefficient, ease of
fabrication and low material cost. This
insulating layer coupled with effective
cooling can reduce the maximum
temperature of the Ni alloy component
by a few hundred degrees Celsius thus
allowing it to operate at temperatures above
1,000°C. The intermediate bondcoat layer
of MCrAlY alloy, where M is Ni and/or

Co, is also an essential part of TBC. The

bondcoat has 2 functions;

1. It provides a barrier to oxidation. The
relatively large amount of Al in
MCrAlY (6-10 wt.%) can diffuse to the
bondcoat/topcoat interface and forms
an AL O, layer via selective oxidation.
Thermally-grown AL O, scale is a
protective oxide which means it hinders
diffusion of elements such as O and Al.
Once a continuous scale is formed on
the bondcoat, the rate of oxygen
diffusion through to the bondcoat
reduces. Thus it can reduce the oxidation
rate of the bondcoat and prolong the
service life of NiCrAlY coating [8].

2. It acts as a bonding layer for the ceramic
topcoat by dispersing the thermal stress
within the bondcoat. The thermal stress
is induced during a cooling cycle of the
turbine engine. By reducing the stress at
interfaces, delamination of the ZrO,
coating can be prevented [9].

TBC can be economically applied onto
the gas turbine components using an
atmospheric plasma spraying (APS)
technique, see Figure 5 and 6. A plasma-
sprayed ZrO,-Y,0O, coating may exhibit a
reduction in the thermal conductivity
depending on its microstructure, possibly
to as low as 2.0 to 2.2 W/mK at 1,000°C
[10]. The reduction in the thermal
conductivity is mostly due to the cracks
and pores typically present in the as-

Chiang Mai J. Sci. 2013; 40(5)

sprayed coating. The size and shape of these
defects govern the heat transfer rate
through the coating [11-14]. Other factors
such as the coating thickness dictate the
maximum temperature the component can

endure.

s |
~60-100 mm.

B

Water cooling

Cathode Anode

Figure 5. Atmospheric plasma spraying
setup.

Figure 6. Combustion liner coated with
TBC.

Apart from TBC, other thermal
sprayed coatings used in the gas turbine
plant are wear-resistant coatings such as
CoCrMoSi and NiCr-Cr,C,, which can be
applied using APS or high velocity oxy fuel
(HVOF) techniques, see Figure 7. These
coatings, although they can only operate
at a temperature below 800°C, possess
good resistance against metallic sliding
wear. Thus they are employed at the
connections between components such as
the seal for the transition piece, the seal for
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the cross fire tube, combustion nozzle and
the retainer plate. These components are
not in direct contact with the hot gas but
are subjected to strong vibration from the
combustion which can result in rapid wear
damage, see Figure 8.

A major advantage of thermal spraying
is its ease in recoating. This allows a
component to be refurbished by stripping
off the used coating and resupplied with a
fresh one. The component can be repaired
in this way until material degradation
(usually creep or thermo mechanical
fatigue in the case of high temperature
applications) occurs. This is particularly
important in the gas turbine engine due to
the use of expensive Ni-based alloys as the
component materials.

Figure 7. High velocity oxy fuel (HVOF)
spraying setup.

Figure 8. Wear damage on a fuel nozzle in
a combustor.
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4. HIGH TEMPERATURE FAILURE IN THERMAL-
SPRAYED TBC

The conventional TBC is typically
employed at temperatures between 800-
1,200°C. At this temperature range, the
topcoat can reduce the temperature of the
bondcoat by 150-250°C depending on the
coating thickness and the amount of
cooling used [15]. The coating may have a
lifetime of 3,000-6,000 hours during which
period failure can occur in the form of
cracking spalling and/or delamination of
the topcoat. The coating failure may be as
a result of;

1. Thermal expansion mismatch during
cooling between the bondcoat, the
thermally-grown oxide and the topcoat.

During cooling, the coatings and the

substrate contract in volume according to
their thermal expansion coefficients (CTE).
The difference in the volume change causes
stress at the material interface. This thermal
stress can be large enough to cause cracking
in the topcoat and the thermally-grown
oxide (TGO) at the bondcoat/topcoat
interface [16]. High thermal stress can also
result in delamination of the topcoat.

2. Diffusion of Al into the substrate.

At high temperature, Al can diffuse
into the Ni alloy substrate causing Al
reduction in the bondcoat. This Al is a
reservoir for the formation of the slow-
growing, protective ALO, TGO. Once the
Al is near depleted in the bondcoat, other
less protective oxides in particular Ni-oxide
spinels can form at the interface at a faster
rate resulting in excessive oxidation of the
bondcoat. Cracks can initiate in these
oxides easier than in AL O,, leading to the
spallation of the topcoat, see Figure 9
and 10.
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Figure 9. Scanning electron microscopy
(SEM) micrograph in secondary electron
mode showing cracks in the thermally
grown oxide.

Spalled
segment

Through-
thickness
crack

Porous
oxide

Figure 10. Spallation of topcoat.

3. Phase transformation of the topcoat.

~ The Y,0, partially-stabilised ZrO,
topcoat has a metastable tetragonal
phase but prolonged operation at high
temperature can destabilize this tetragonal
phase causing it to transform to a monoclinic
phase. The phase transformation is
accompanied by a volume change, thus
inducing residual stress in the coating [17].

4. Sintering of the topcoat.

As-sprayed ZrO, topcoat is full of
microcracks and pores. These defects are
an essential characteristic of TBC. The
cracked and porous structure has been
shown to be able to tolerate thermal stress
by relieving the stress through strain
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relaxation. Long periods of operation at
temperatures above 1,000°C inevitably
result in sintering and densification of the
topcoat. This involves reduction in
microcracks and porosity and coalescence
of the pores. While the strength and
hardness of the topcoat increase slightly as
aresult, the coating becomes less compliant
making coating delamination more likely
[18,191. Sintering can also cause phase
transformation in the partially-stabilized
ZrO, and changes in the thermal
conductivity of the coating [14,20-22].

5. AREAS FOR IMPROVEMENT AND
DEVELOPMENT

As well as improving TBC for better
reliability and longer lifetime, the
diminishing natural gas resources also drive
the need for turbine cycles with higher fuel
efficiency. One way this can be done
effectively is by increasing the turbine inlet
temperature. It is estimated that a turbine
efficiency of over 60% can be achieved with
the turbine inlet temperature of about
1500°C [23]. Research efforts to improve
thermal-sprayed TBC are underway.
Examples are given below.

Thick TBC

The conventional plasma-sprayed TBC
is usually employed with ZrO, thickness
of up to 500 Im due to their limited
reliability. A thicker TBC has an obvious
advantage of a greater reduction in
temperature of the underlying metallic
substrate. Applying a thick ZrO, coating
however results in a greater thermal stress
at the bondcoat/topcoat interface which
can cause premature spallation of the TBC.
If sintering occurs during operation, the
risk of failure becomes more pronounced.
In order to successfully employ the thick
TBC, its durability particularly in term of




Chiang Mai J. Sci. 2013; 40(5)

the strain tolerance must be improved. This
has been shown by increasing the porosity
level and segmentation cracks in the ZrO,
coating thus allowing an easier and more
even strain relieve [24-27]. Plasma-sprayed
TBC of thickness greater than 1,000 um
can be achieved, see Figure 11. Increasing
the porosity of ZrO, also has the benefit
of lowering its thermal conductivity
rendering it a more effective insulator

[11-13].

r“w““*m“‘wﬂ
Figure 11. SEM micrograph in secondary
electron mode showing the microstructure
of plasma-sprayed thick TBC.

Functionally graded 1TBC

Normally as-sprayed ZrO, topcoat can
adhere reasonably well to its underlying
bondcoat, however when it is subjected
to a sudden drop in temperature thermal
stress due to a large difference in CTE of
the bondcoat and the topcoat can induce
large stresses near the bondcoat/topcoat
interface. This problem becomes more
pronounced when a thicker ZrO, topcoat
is employed leading to spallation or a large-
scale delamination of the ZrO, topcoat.
One method to reduce the effect of the
CTE mismatch is to apply a functionally-
graded TBC. Functionally-graded TBC
consists of the MCrAlY bondcoat and the
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partially-stabilised ZrO, topcoat, and an
intermediate layer or layers in between the
bondcoat and the topcoat, see Figure 12.
The intermediate layer is a physical mixture
of the bondcoat and the topcoat. When
more than one intermediate layer is used,
a compositional gradient can be created.
The functionally-graded TBC works by
spreading out the thermal stress over the
thickness of the intermediate layers thus
reducing the stress at the topcoat interface
where cracking often initiates [28-30].

Figure 12. SEM micrograph in backscat-
tered electron mode showing the
of plasma-sprayed,
functionally-graded TBC. The functionally
graded layer consists of two major phases;
partially-stabilised ZrO, and MCrAlY.

microstructure

Alternative insulating topcoat material

Plasma-sprayed ZrO,-8%Y,0,, even
though having many thermal properties
suitable for high temperature insulator
applications, has a tendency to undergo
phase transformation when operating at a
temperature higher than 1,250°C for along
duration, resulting in higher residual stress
in the coating [17]. Sintering of this coating
at temperatures above 1,400°C also cause
changes in the properties of the coating
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leading to failure [31]. Alternative refractory
materials, e.g. CeO,-Y,0,-ZrO,, SiO,,
Nd,0,-ZrO,, rare earth oxide-doped
La,Zr,O, and other zirconates, have been
suggested [32-36]. Balance still needs to be
reached between low thermal conductivity,
high durability and economical processing
route.

Diffusion barrier

The lifetime of TBC can be lengthened
by hindering the degradation of the
bondcoat, i.e. by slowing down the growth
rate of the protective ALO, TGO. The
growth rate of ALO, is highly dependent
on the oxygen diffusion rate in the oxide
which is much slower than the oxygen
permeation through the plasma-sprayed
TBC[37]. Thus in order to reduce the oxide
growth rate even more, a diffusion barrier
between the bondcoat and the topcoat is
required (Diffusion barrier 1 in Figure 13).
Previous work has explored the possibility
of applying Pt and/or Ni aluminide on the
bondcoat using electrolytic techniques,
pack cementation, spark plasma sintering
etc. [38-43]. It is generally agreed that the
aluminide layers can provide a better
resistance to oxidation for TBC. The
adhesion of the topcoat is also improved
as a result of a reduction in TGO thickness
due to the improved oxidation resistance
of TBC.

Apart from the growth rate of the
protective ALLO,, the amount of Al
available for the selective oxidation is
equally important since the depletion of
Al in the bondcoat results in the formation
of other oxides contributing to failure of
TBC. At temperatures above 1,000°C
however, alloying elements including Al
can diffuse from the bondcoat into the
substrate thus reducing the amount of Al
available for the oxide formation [44]. In
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Figure 13. Diffusion barrier.

order to reduce the interdiffusion of Al, a
diffusion barrier may be applied between
the substrate and the bondcoat (Diffusion
barrier 2 in Figure 13). Various types of
barrier have been studied, e.g. AION,
CrON, a-AL,O, and TiN using methods
such as chemical vapor deposition, thermal
spraying, arc ion-plating and anodizing [45-
49]. The diffusion barriers were shown to
be partially effective at reducing the
interdiffusion of the alloying elements but
investigations on their long-term stabilities
and their effects on the durability of TBC
are still limited.

6. CONCLUSIONS

The natural gas-fired turbine power
plants contribute a large amount of output
towards electricity generation in Thailand.
In order to increase the fuel efficiency
further thus reducing the rate of fossil
fuel consumption, the temperature of
the turbine engine needs to be raised.
Development on high temperature materials
is one of the key technologies required to
achieve this goal. The current technology
involves the use of TBC on Ni-alloy gas
turbine components. At high temperatures
and/or prolonged operation periods,
failure mechanisms such as CTE mismatch,
diffusion of alloying elements and sintering
of the ZrO, topcoat can take place resulting
in premature spallation and delamination
of TBC. Research is being conducted on
various topics including coating materials
and fabrication techniques in order to
increase the reliability of the coating, the
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lifetime and the operational temperature
of the components.
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