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ABSTRACT: Advances in new materials for current power generation devices, such as gas turbines, have led to more efficient and durable
engines that supply rising energy demands. High efficiencies in gas turbines, due to higher operating temperatures, have been accomplished
through the development of thermal barrier coatings. These are multilayered systems that provide thermal isolation and protection against
corrosion and high temperature erosion. In this work, we describe barrier application processes, their microstructural characteristics and their
main failure mechanisms. Two different thermal barrier coatings are characterized and the latest trends of these systems are summarized.
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RESUMEN: Los avances en nuevos materiales para los dispositivos de generacion de energia, como las turbinas a gas, han permitido
incrementar su eficiencia y durabilidad para suplir la creciente demanda energética. Las altas eficiencias en las turbinas a gas como
consecuencia de mayores temperaturas de operacion, han sido posibles a través del desarrollo de recubrimientos de barrera térmica. Estos
son sistemas multicapas que proveen aislamiento térmico y proteccion contra la corrosion y erosion a alta temperatura. En este trabajo, se
describe los procesos de aplicacion de barreras térmicas, su microestructura y sus principales mecanismos de falla. Dos sistemas de barrera
térmica son caracterizados y las nuevas tendencias de estos sistemas son resumidas.

PALABRAS CLAVE: Recubrimiento de Barrera Térmica (TBC), Turbina a gas, Mecanismos de falla

1. INTRODUCTION and corrosion resistance at high temperatures [7-13].
Rising energy demands require development and =
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percentage of energy generation and transportation
is done using gas turbines [1]. These have increased 3
in efficiency due to protection systems such as the ; ssec

ceramic Top-Coat (TC) of Thermal Barrier Coatings = 1204G IS
(TBCs). TBCs provide thermal insulation for metallic 10
components from combustion gases, allowing a
reduction in the substrate temperature between 100 °C
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gas turbines, higher efficiencies are reached at higher

operating temperatures [5-9] (see Figure 1). The TBCs Figure 1. Efficiency increment in gas turbines with
have good mechanical properties and offer fracture service temperatures [5].
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As mentioned, developments of new materials for gas
turbine manufacture are strongly connected with an
increase in engine power, efficiency and durability.
During the 1940s, the first Nickel-based superalloy
was introduced for the aerospace industry. Since
then, advanced materials, with excellent resistance
to mechanical and chemical degradation at high
temperatures, have become an important field of
research and development. Every improvement in
materials helped to increase operating temperatures
and efficiencies of gas turbines. The first turbine blades
were produced in the wrought form [1, 5, 14]; then
induction vacuum casting technologies were developed
during the 1950s, which significantly improved quality
and cleanliness of the alloys. In the 1970s, casting with
directional solidification enhanced fatigue life. By the
1990s, this technology allowed single-crystal blade
production [1,14], which facilitated the removal of
strengthening elements, such as boron and carbon, in
order to reduce microsegregation and incipient melting
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during heat treatment [15]. At the same time, operating
temperatures of the gas turbine were significantly
increased thanks to the developments of TBCs. These new
coatings were composed of zirconium dioxide, otherwise
known as zirconia (ZrO,), which exhibits a tetragonal
phase at high temperatures. The tetragonal zirconia can be
stabilized by the addition of Yttrium (Y**) which replaces
a Zirconium (Zr*) in the lattice cell and forms Y,0,. It
has been found that the tetragonal phase can be retained
at room temperature with 6% to 8% of yttrium oxide
(Y,0,) [16-18]. With these ceramic coatings, gas turbines
reach temperatures ranging from 1400 °C to 1500 °C,
above the superalloy’s melting point (around 1300 °C)
[1,15,19]. Figure 2 illustrates gas turbine operational
temperatures as a function of materials development
during the last decades [20]. Thus, whilst the primary role
of the substrate is to bear mechanical loads and stresses
developed during service, TBCs are designed to isolate
and protect it against erosion and corrosion agents at high
temperatures [15,19,21].
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Figure 2. Chronological increase in operational temperature of turbine components [20].

Several processes have been used to deposit ceramic
TCs of TBCs; the most relevant are Air Plasma Spray
(APS) and Electron Beam Physical Vapor Deposition
(EB-PVD). These processes provide ceramic coatings
with excellent anchoring, thermal resistance and
durability [12,20,22]. TBCs features and properties
are a consequence of the deposition processes. In the
APS process, the particles are injected into a plasma jet
where they are heated until they melt or partially melt;
they are then accelerated toward a metallic substrate.
The drops impact the substrate and solidify, adopting
the form of flattened disks known as splats [20,22,23].

The successive overlap of splats leads to a cross-
sectional lamellar-like structure of the coating (see Fig.
3a), and cauliflower-like microstructure viewed from
the top (see Fig. 3b). The final microstructure presents a
high amount of elongated pores aligned perpendicularly
to the heat flow, helping to reduce thermal conductivity
[24,25]. In EB-PVD processes, an electron beam is
used to vaporize an ingot of the coating material to
produce a vapor cloud that is accelerated onto the
substrate [15,23]. The resulting morphology of the
coating consists of a series of columnar colonies that
grow competitively in the cooling direction, normal to
the surface of the substrate [26] (see Fig. 4).
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Figure 3. SEM micrographs of an Inconel 625 substrate’s
TC: a) cross-sectional view of a TC after 400 hours at
1100°C; b) top-view of the TC after 200 hours at 1100°C.

The thermal conductivity of APS-deposited TCs is
significantly lower than that of EB-PVD coatings
because of the differences in distribution and orientation
of pores and cracks. A typical value of thermal
conductivity in APS-deposited TCs is within the
range of 0.8 w/m’K to 1.7 w/m?K [7,25]. In EB-PVD
deposited TC, cracks and pores help reduce thermal
conductivity to values between 1.5 w/m?K to 2 w/
m?K. However, the columns are aligned parallel to the
heat flux, directing heat transfer by conduction [7,25].
The durability of EB-PVD-deposited TC is higher
compared with APS-deposited TC. The disconnected
columns impart “strain tolerance” to the TC because
they can separate at high temperatures, accommodating
thermal expansion mismatch stresses [7,27]. The EB-
PVD process is more expensive and less versatile than
the APS process.
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Figure 4. Cross-sectional image of a TBC applied by
EB-PVD [26].

2. STRUCTURE OF A TBC SYSTEM

Conventional TBC systems consist of four materials:
the Top-Coat (TC), the Bond-Coat (BC), the Thermally-
Grown Oxide (TGO) layer and the substrate or Base
Metal (BM). An Inconel 625 substrate with MCrAlY
BC and APS-deposited ZrO, - Y,0, TC was generated
in order to analyze its microstructure and composition.
The specimens were cut from a 30 cm x 30 cm plate
using a precision saw cutting machine operating at
4000 rpm with a 1.2 mm/min feed-rate. The samples
were treated at 1100°C with exposure times between
1 and 1700 hours. SEM examination, and Energy-
Dispersive X-ray Spectrometry (EDXS) microanalysis
were carried out to identify and measure the elements
present in the TC and TGO. Figure 5 shows an SEM
micrograph of the TBC system on the Inconel 625.

The TC is a ceramic layer, usually yttria (Y,0,)
stabilized zirconium oxide (ZrO,), which interacts
and faces combustion gases. As mentioned previously,
it has been found that addition of 6 wt % to 8 wt %
Y,0, provides TCs with good thermal and mechanical
properties [28-30]. We performed Wavelength-
Dispersive X-ray Spectrometry (WDXS) to measure
the chemical composition of the APS-deposited TC.
The analysis gave 70.95 + 0.37 wt % of Zr, 22.97 +
0.28 wt % of O and 6.08 + 0.27 wt % of Y [31]. An
appreciable amount of yttrium (Y) was also detected,
so a high stability of the tetragonal phase at room
temperature is expected together with a lower TC
thermal conductivity [28,32]. This effect can also be
achieved with additions of other elements such as
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hafnium (Hf) and some other earth oxides [16,33]. If
no stabilizer elements are added, the ZrO, transforms
to the monoclinic phase during cooling [28]. This phase
is undesirable because it presents poor mechanical
properties and it implies a volume change (around 5%),
causing cracking and failure [12, 34-36].
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Figure 5. SEM cross-sectional view of a TBC system
APS-deposited onto Inconel 625 substrate.

The TC is deposited onto the BC. There are two
common types of BCs: Platinum-modified Nickel
Aluminide (PtNiAl) and MCrAlY alloy where M
refers to one or more of the elements Co, Ni and Fe.
This layer provides adherence between the TGO and
the substrate or between the TC and the substrate in
the initial stages of the turbine’s lifetime [37-39]. It
contains 7 to 10 wt % of aluminum in order to form a
protective oxide coating at the interface TC/BC. The
TGO is a ceramic layer which forms as a consequence
of Aluminum and Oxygen diffusion through the BC and
the TC, respectively. This layer is mainly composed
of 0-Al,O,. In its initial stages, other phases can be
formed, such as 0-AlLO, and 8-AlO,. These phases
transform to stable a-Al O, at temperatures above
1000°C [40-42]. The TGO is a fundamental layer
because many failure mechanisms in the TBCs are
related with its formation and growth [37,39,42-44].
It has been reported that the TGO critical thickness for
TBC failure, by TC delamination, is between 5 and 6
pum [28,45,46].We predicted that the TGO thickness
exhibits a power law dependence on time with an
exponent of %2 [47] following the diffusion control
mechanism of the TGO growth. To predict and analyze
TGO growth, a one-dimensional diffusion-reaction
equation was used, assuming constant diffusion

coefficients for both the aluminum and oxygen.
The system was solved numerically through a non-
symmetrical Radial Basis Function (RBF) approach
with a semi-implicit Finite Difference method (FDM)
for the time derivatives [47]. The numerical results
agree with the experimental measurements carried out
in the thermally treated samples. In our experiments,
the TGO thickness reaches the critical value of 5 um
after 600 hours of exposure at 1100°C; however, no
delamination was observed even after 1700 hours with
a TGO thickness of 6.7 um [31,47]. Figure 6 shows
a transversal section image of the TGO acquired by
Scanning Electron Microscopy (SEM).
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Figure 6. SEM Image of the TGO. The TBC was treated
at 1100°C during 200 hours
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The TBC system is designed so that a-Al O, forms and
grows slowly in order to become a barrier to the oxygen
passage to the substrate. However, the growth of this
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layer can generate stresses that, in combination with
the BC/TC interfacial imperfections, are responsible for
TBC failure [48-52]. It has been found that formation
of a-ALQ, is desirable because it provides good TC/
BC adherence and exhibits a slower growth rate when
compared with other oxides [42,50,53,54].

Table 1. Nominal composition and EDXS microanalysis
of an Inconel 625 and an Hastelloy X substrates

EDXS 1
% Inconel 625 wt-%

EDXS 2
Hastelloy x wt-%

Balance 49.8
8.0 -10.0 7.3
20.5 -23.5| 21.9

Ni Balance 66.4
Mo 8.0 -10.0 6.6
Cr 20.0 - 23.0| 22.4

Fe 5.0 max 4.6 17.0 - 20.0| 19.1
W - - 0.2-1.0

Co - - 0.5-2.5 0.6
Ti 0.4 max - -

Mn - - 1.0 max 0.8
C 0.10 max - 0.05-0.15

Al 0.4 max - 0.5 max 0.4

Nb+Ta | 3.2 — 4.2 - -

The last constituent of the system from the surface
is the substrate, which is the structural component
of the turbine. Many components exposed to high
temperatures in gas turbines are manufactured using
Ni-based superalloy substrates, typically Hastelloy X or
Inconel 625. They offer good mechanical strength and
excellent corrosion, oxidation and erosion resistances at
high temperature [55,56]. These superalloys can contain
significant amounts of alloying elements such as Cr,
Mo, Al, Ti, Fe and C [15,57] and their microstructure is
composed of highly stable austenite [15]. The addition
of Aluminum and Titanium promotes the formation
of intermetallic compounds such as Ni,Al, Ni,Ti and
Ni, (Al Ti) while Cr, Mo and C favor M,C, M,C, and
M_C-type carbide precipitation [57,58]. Figure 7 shows
some Mo and Cr enriched precipitates in an Inconel 625
matrix after heat treatment at 1100 °C during 1000
hours. It has been found that these precipitates improve
the creep resistance of the superalloy because of their
grain boundary pinning action [15]. Table 1 lists the
EDXS microanalysis conducted in an Inconel 625
sample and a Hastelloy X sample extracted directly
from a 7FA General Electric gas turbine combustion

liner after an operation of 8000 hours (EDXS 1
for Inconel 625 and EDXS 2 for Hastelloy X); the
nominal composition of the Inconel 625 and Hastelloy
X [15,59] are also presented in the Table 1. For both
cases, the compositional microanalyses present a good
agreement with the respectively nominal compositions.
However, the measured Mo content is slightly lower
when compared with its nominal value. The Mo
and Cr amounts are sufficient to promoted carbide
precipitation as shown in Figure 7.

3. TBC’S FAILURE MECHANISMS

TBC systems are the main element of protection for
gas turbines against the action of erosive agents at
high temperatures. They can undergo thermal cycling
and mechanical loads, which affect their performance,
causing wear, cracks and TC delamination. Typical
failure mechanisms in TBCs are associated with
several factors such as chemical composition and
TC microstructure. Failure is also affected by the
TBC thermal and mechanical response to operating
conditions: temperature, cycling time, combustion
gasses, among others [48].

As mentioned before, TGO growth during operation
is a consequence of aluminum and oxygen diffusion-
reaction; this volumetric expansion can generate
compressive stresses that favor cracking [7] and/or
delamination when the thickness reaches a critical value
[28,45,46]. During cooling, the thermal expansion
mismatch between TGO and BC drives residual
compressive stresses. They reach a maximum at
room temperature and may lead to failure [7,60]. In
addition, the compressive stresses developed during
TGO growth, mainly under cycling conditions, cause
TGO deformation [45,49,52] and contribute to its
undulated shape (see Figs. 6 and 8). During the cycles,
the localized penetration in the BC progresses and the
downward displacements induce normal strains in the
TBC. These strains form cracks that propagate laterally
and eventually coalesce causing failure in one or both
TGO interfaces [45,61,62]. This phenomenon is known
as ratcheting.

The TBC is designed to develop a TGO constituted
by a-AlL O, (alumina) between the BC and TC.
Nevertheless, other Ni, Cr and Al-enriched oxides such
as (Cr,Al),0,, Ni(Cr,Al),O, y NiO can appear.
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Figure 8. TGO, Ni, Cr-oxides SEM micrograph of the
Inconel 625 substrate’s TBC after a heat treatment at
1100°C during 1000 hours.

Table 2. TGO chemical microanalysis

EDXS 1 wt-% EDXS 2 wt-%
Al 55.4 16.4
(6] 44.5 27.5
Cr - 21.9
Ni - 323
Y - 1.9

Figure 8 shows a SEM micrograph of the TGO of a
TBC with Inconel 625 substrate. In the figure, enriched
Ni and Cr oxides are detected. Table 2 lists the EDXS
microanalysis carried out in two regions of the TGO
layer (EDXS 1 and EDXS 2), which is illustrated in
Figure 8. The darker area (EDXS 1) corresponds to
Al O, while the brighter area (EDXS 2) corresponds to
Ni-, Cr-enriched oxides. These oxides are undesirable
because they are porous, unstable and present a higher
growth rate compared with alumina [46,63,64]. They
induce tensile stresses that promote crack formation
and propagation [51,65]. Some of these oxides can
form at the initial stages of turbine lifetime before the
TGO formation, due to compositional heterogeneities
in the BC. Low aluminum concentration favors the
stability of Ni and Cr-enriched oxides according to the
ternary phase diagram presented in Fig. 9. Once the
TGO is formed, diffusion of Al, Ni and Cr across the
layer favor the formation of (Cr,Al),O,, Ni(Cr,Al),O,
y NiO in the TGO/TC interface [46,51,66]. It has been
found that, after many hours at high temperatures, the
alumina destabilizes and the following reactions to
form chromium and nickel oxides may take place [51]:

ALO, +2Cr — Cr,0, + 2Al, (1)
ALO, + 1402 + Ni — NiALO,. )

TBCs performance and durability are strongly influenced
by their microstructure and how it changes during
service. High porosity in TBC is a consequence of the
application processes, resulting in desirable features
such as higher strain tolerance and lower thermal
conductivity. Therefore, it provides better insulation but
leads to poorer mechanical properties of the coating [67-
70]. During service, the TC undergoes a densification
process, known as sintering, where crack healing
increases splats’ contact area and grain size; pores
are redistributed and rounded leading to an increment
in the thermal conductivity [25,71,72]. This change
accelerates failure because higher conductivities imply
higher temperatures, a reduction of thermal isolation
and a faster TGO growth [73]. Sintering affects strain
tolerance, decreasing system lifetime [69,70].
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Figure 9. Ternary Phase diagram for Al, Cr and Ni [66].

Previous studies state that the sintering of ZrO, —
Y,0, coatings occurs in two stages [26,74]. The first
stage is presented at short times with temperatures
as low as 900°C characterized by crack healing and
grain growth. The second is a quasi-stationary stage
in which pore shape changes to a spheroid-like aspect
at temperatures higher than 1200°C [75]. The effect of
pore fraction on the thermal conductivity of an APS-
deposited TC is shown in Fig. 10.
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Figure 10. TC’s thermal conductivity as a function of pore
volume fraction [75].

4. FINAL REMARKS

Advances in TBCs are focused mainly on developments
to improve efficiency and durability. To increase the
efficiency through higher operation temperatures,
materials with low thermal conductivity are being
studied. Adding different rare earth ions as co-
stabilizers has been effective to lower thermal
conductivity, but the system exhibits an inferior
lifetime compared to ZrO,-6.8%Y,0, [16,31]. Other
oxides such as Gd,Zr,O, and Sm,Zr,O, present lower
thermal conductivity than ZrO,-6.8%Y,0,, but they
are thermodynamically incompatible with alumina
[19,28,33]. The main concern is to modify the ZrO,-
Y,0, coating and develop a new layer with low thermal
conductivity, thermodynamically compatible with
alumina and with excellent mechanical properties.

Understanding TBC failure mechanisms is the basis
to implement changes in order to improve durability.
To maintain a strong bond between TC-TGO and
TGO-BC, and also to reduce the magnitude of residual
stresses close to these interfaces, intervention of
BC composition, structure and processing can be
accomplished [7,76]. It is important to ensure that a
TGO composed only of a-AlO, forms and grows;
Ni, Cr-enriched oxides reduce the fatigue strength of
the coatings due to their effect on crack generation
and propagation. There is evidence that the life of a
coating is governed by the TGO thickening, which
is in turn strongly influenced by the surface defects

and roughness of the BC. Moreover, the failure of
the system occurs when the TGO reaches a critical
thickness [28]. To increase the system durability, efforts
should be directed to reduce TGO growth rate [7],
which can be accomplished by maximizing the grain
size of the TGO [28], and developing coatings with
lower thermal conductivity.
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