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tors. This implies that electrical insulators should also make the best 
thermal barrier materials. Microstructure also plays an important role 
here. Microstructures and porosity that break up heat flow can addi-
tionally reduce thermal conductivity (this will be addressed shortly). 

                    Figure 1. Concept of thermal conductivity. 

In a pure metal electrons carry the bulk of heat current and we can 
express the thermal conductivity as 

 kel = p2nkB
2Tτ/3m [4]

In this case, n is the concentration of electrons, kB is Boltzmann’s 
constant, τ is the collision or relaxation time. Similarly to the electrical 
conductivity, the longer the electron can spend between collisions, the 
higher the thermal conductivity. Table 1 shows thermal conductivities 
of common metals and nonmetals at room temperature.

The Wiedemann-Franz law relates thermal conductivity to electrical 
conductivity (σ) in metals:

 κ/σ = LT
L = Lorentz number = (p2/3)(kB/e)2 = 2.45 X 10-8 WΩ/deg2

Thus poor electrical conductors also are generally poor heat con-
ductors. This implies that electrical insulators should also make the 
best thermal barrier materials. Microstructure also plays an important 
role here. For example, the thermal conductivity of Ag is 429 W/mK 
while the thermal conductivity of the insulator silica is 1.4 W/mK [3]. 
Exceptions to this are diamond (κ = 1000 W/mK, graphite (⊥ c-axis)  
(κ = 2000 W/mK) and BeO (κ = 210 W/mK). 

Heat transport in both glassy and crystalline dielectric solids occurs 
through elastic vibrations of the lattice (i.e., phonons). This transport 
is limited by elastic scattering of acoustic phonons by lattice defects. 
Lattice thermal conductivity depends on phonon transport and scat-
tering. Recall that a phonon is a quantized lattice vibration. A  phonon 
is a quantized collective excitation in a periodic, elastic arrangement 
of atoms or molecules in condensed matter. Often referred to as a 
quasiparticle. it represents an excited state in the quantum mechanical 
quantization of the vibrational modes of elastic structures of inter-
acting particles. A phonon can interact with other phonons, electrons 
and nuclei. Details of lattice thermal conductivity models will not be 
presented here. Lattice thermal conductivity depends on the mean free 
path of the phonon, the speed of sound and the lattice specific heat per 
unit volume:

 κ = λ(Τ)cSCV/3  where
λ(Τ) is the temperature dependent phonon mean free path, cS is the 
velocity of sound in the lattice and CV specific heat/unit volume. 
Ceramic thin films used in TBC’s have intermediate κ values due to 
mixed ionic and covalent bonding. A number of models have been pro-
posed for κph with those developed by Debye and Einstein most widely 
used [4]. No details, but the Debye model assumes that that the specific 
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All engines, including automobile, jet and gas turbine operate most 
efficiently at very high temperatures. Metallic surfaces, such as gas 
turbine blades, engine pistons and aircraft jet engine parts, operat-
ing at high temperatures for sustained time periods sustain heat loads 
which could significantly reduce their lifetime and damage the engine. 
Temperatures in combustion zones can reach as high as 950 °C. 
Protection of turbine blades is an acute problem due to the constant 
increase in gas temperatures of gas turbines [1]. These blades are the 
most intensively loaded elements in that they are subjected to a large 
variety of mechanical and high temperature loads. Initial gas tempera-
ture levels of 960 – 1100 °C are used in basic service while temperatures 
up to 1300 °C are required for peak service. Gas temperatures in mili-
tary aircraft can reach 1600 + °C and 1500 +° C in commercial aircraft. 

Corrosion at these temperatures can be significant and, as a result, 
wear is enhanced [2]. Thermal barrier coatings (TBC) are designed to 
mitigate many of the high temperature problems by effectively insu-
lating components from large and prolonged heat loads by utilizing 
thermally insulating materials which can sustain an appreciable temper-
ature difference between the load bearing alloys and the coating surface 
[3]. These coatings thus allow for higher operating temperatures while 
limiting the thermal exposure of structural components, extending part 
life by reducing oxidation and thermal fatigue. In conjunction with 
active film cooling, TBCs permit working fluid temperatures higher 
than the melting point of the metal airfoil in some turbine applications.

TBC’s have been used for almost three decades to extend the life 
of combustors and augmentors, and more recently, stationary turbine 
components [1]. Since thermal conductivity is involved at every layer/
interface of the TBC, it will be instructive to briefly review this prop-
erty. Consider a solid slab of material, shown in Figure 1. If one end 
of the slab, or thin film, is held at a higher temperature than the other 
end, heat will be conducted in the direction of decreasing temperature 
(essentially from higher heat energy to lower heat energy regions). 
Thermal conductivity is a measure of how well a material conducts heat. 
The thermal conductivity κ is defined by the relation [4]

 dQ/AdT = -k∇T
Here dQ/AdT is the heat flow per unit area and ∇T is the tempera-

ture gradient in the material, as shown in Figure 1. Similar to electrical 
conductivity, heat flow is proportional to thermal conductivity. Total 
thermal conductivity is the sum of electron and lattice (phonon) 
components:

 κ = ke + kph
For good conductors, such as metals, ke >> kph. 
Transfer of thermal energy is a random process; energy does not 

simply enter one end of the slab and proceed directly (ballistically → 
no scattering) in a straight path to the other end, but diffuses through 
the slab, suffering frequent collisions. Note that if energy propagates 
directly through the slab, the relation for thermal conductivity would 
not depend on a temperature gradient, but only on the temperature 
difference between the ends of the slab.

The Wiedemann-Franz law relates thermal conductivity to electrical 
conductivity (σ):

 κ/σ = LT
Here, L = Lorentz number.

Thus poor electrical conductors also are generally poor heat conduc-
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Table 1. Thermal conductivities of selected materials at T = 300 K [2].

heat of a solid is based on the phonon disper-
sion relation and that the speed of sound is 
constant while the Einstein model assumes 
mixtures oscillators with discrete frequencies. 
The Debye model typically better describes 
the behavior of acoustic phonons (i.e., low 
temperature dependence) while the Einstein 
model be fits optical phonon propagation 
(high temperature dependence), hence, the 
Einstein model better fits heat conduction in 
TBC’s. The high temperature specific heat is 
given by
  CV = 3NkB(ε/kB)2expε/kBT/(expε/kBT – 1)2, 
which reduces to 
  CV = 3NkB at high temperatures.
Here N = number of atoms, ε =  vibrational 
energy (= ħω) and kB = Boltzman constant.

Thus, TBC are low thermal conductivity 
materials used to thermally “insulate” a com-
ponent with high thermal conductivity from a 
high temperature environment, much like cor-
rosion resistant thin films are used to protect 
surfaces from electrochemical reactions.

TBC’s are multifunctional and have the 
following requirements:
• Thermal insulation of engine component
• Hot corrosion protection of engine 

component
• Oxidation protection of the engine compo-

nent surface
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No one coating layer or material can do it all. To this end, TBC sys-
tems have been developed to address all of above requirements, which 
generally involves a multilayer thin film structure. Most importantly, 
a thermally protective TBC layer with a low thermal conductivity is 
required to maximize the thermal drop across the thickness of the 
coating. This is always the top layer. Because it will likely be an insulator, 
this layer will have generally a lower thermal expansion coefficient 
(CTE) than the engine or turbine component. Figure 3 compares 
thermal conductivity with CTE for TBC materials [4]. This layer should 
therefore have a high in-plane compliance (elasticity) to accommodate 
the CTE mismatch between the TBC and the underlying nickel super-
alloy (Inconel: Ni + Cr + [Mo, Fe, Mn, Nb, Co, Ti, Al, Cu]; Incoloy (Ni + 
Cr + Fe + [C, Al, Ti]) substrate. Additionally, it must retain this property 
and its low thermal conductivity during prolonged exposure to corrosive 
gases at high temperatures. A porous, columnar, 100-200 µm thick, 
yttria stabilized zirconia (YSZ) layer is currently the material of choice 
[5]. This layer is generally deposited using either air plasma spray (APS) 
or electron beam physical vapor deposition (EB-PVD). Other materials 
used in TBC’s are Al2O3, Ti-Cr-Al [5], ZrO2 [6] and TiN. 

Figure 2 diagrams the anatomy of a TBC, and is the result of “evolu-
tion” of this multilayer system. Research in the last 20 years has led 
to a preferred coating system consisting of three separate layers [3] to 
achieve long term effectiveness in the high temperature, oxidative and 
corrosive use environment for which they are intended to function. The 
multilayer design consists of 

•  Oxidation resistant bond coat
•  Thermally grown oxide
•  TBC coating
The Figure also shows the temperature gradient through the struc-

ture. By depositing a thin film of a low thermal conductivity material to 
the surface of an internally cooled gas turbine blade (typically a nickel 
superalloy), a temperature drop will occur across the thickness of the 
film, as shown in Figure 2. The goal is for the metal part to be signifi-
cantly cooler than the combustion zone. Yttria stabilized zirconia (YSZ) 
is used extensively as a TBC (more details on this material and other 
TBC materials later). For a 150 mm thick YSZ coating, a temperature 
drop of ~170 oC will occur [5]. This temperature drop reduces the oxida-
tion rate of the bond coat applied to metal components, and as a result, 
delays failure by oxidation. It also retards the onset of thermally induced 
failure mechanisms (i.e. thermal fatigue and stress) that contribute to 
component durability and life. It is important to note that TBC’s are 
currently used only to extend the life of the metal component at cur-
rent operating temperatures, but are not generally used to increase the 
operating temperature of the engine. Development of a “prime reliant” 
TBC system, for which the probability of failure is sufficiently low, would 
allow these coatings to be used to increase the engine operating tempera-
ture and lead to significant improvements in engine performance.

The engine part is in a highly corrosive environment. Internal tem-
peratures can reach over 1000 oC. Next, an oxidation and hot corrosion 
resistant layer is needed to protect the turbine blade from environmental 
degradation. This layer must be relatively stress free and stable during 
long term exposure and have good adhesion to the substrate to avoid 
premature failure of the TBC system. The TBC layer must also have 
good adhesion to this layer. To accomplish this, a protective 1 mm thick 
Al sub oxide (AlOx) is thermally grown on the bond coat. Since the Al 
content of modern nickel based superalloy is not high enough to form a 
fully protective alumina scale, an Al rich layer (bond coat) is applied to 
the metal surface, onto which the AlOx layer is grown. The bond coat is 
generally a  ~ 50 mm thick layer of either a low sulphur platinum alumi-
nide or MCrAlY (where M is Ni or Co), and is deposited by low pressure 
plasma spray (LPPS) or pack cementation. A typical composition of a 
Co-based bond coat is Co-32Ni-21Cr-8Al-0.5Y [8]. Other bond coat 
compositions include γ-TiAl alloy Ti-45Al-8Nb and Ti-Al-Cr-Y-N [6]. 
Figure 4 shows typical turbine blade shapes [5].

Additionally, these layers should be as thin as possible and have a low 
density to limit the centrifugal load on rotating engine components. 

TBC coating systems must possess a combination of properties to be 
effective. These include 

•  Low thermal conductivity 
•  High resistance to spallation 
•  Good erosion resistance 
•  Phase stability  
•  Pore morphological stability
Thermal conductivities less than 1 W/mK are desirable for good 

thermal insulation [9,10]. In addition to low thermal conductivity, the 

Figure 2. Schematic illustration of a modern thermal barrier coating system consisting of a 
thermally insulating thermal barrier coating, a thermally grown oxide (TGO) and an alu-
minum rich bond coat. The temperature gradient during engine operation is overlaid [5].
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Figure 3. Four regions of the temperature dependence for the thermal conductivity  
of single crystal germanium [11].

TBC must be thermodynamically stable in contact with the base cost 
(usually alumina) and have stable internal porosity, since the decrease in 
heat transport cross section provided by the presence of pores leads to a 
substantial reduction in thermal conductivity from intrinsic values [11]. 

Figure 3 defines four distinct temperature regions for thermal con-
ductivity [11] 

I.  T < 20K: κ determined primarily by physical size, grain size,   
 and dislocation spacing (defect dominated). κ ~ T3.

II.  T < 20K: κ peaks with ~ T3 dependence.
III. 20K < T < ΘD: κ decreases as ~ 1/T primarily due to anhar-  

 monic phonon scattering
IV. T > ΘD: T is essentially constant.
Regions I and III are of particular interest in that they are dominated 

by defects in the thin film. Figure 4 plots actual and normalized thermal 
conductivity of a number of dielectric materials as functions of tem-
perature and normalized temperature (T/ΘD) [11]. In region III thermal 
conductivity can be expressed as

 κ = aK3/2/3g2r1/2T [12]
Here a is the interatomic distance, K is the bulk modulus, ρ is the 

density and γ is the Gruneisen parameter.

Figure 5. SEM pictures of TiO2 microstructures [11].

 Porosity can also affect κ, in that it introduces regions or pockets 
of air which reduces heat transport by phonons. Pore geometry is also 
important. If p is the volume fraction of (spheroidal) voids and ρ is the 
density,  then the effective thermal conductivity is 

 κeff = κ(1 – 2.5p) = k[1/2.5(ρ − ρmeas)/ρ] [13].
A secondary effect could be scattering of phonons off the surfaces of 

the pores themselves.
Going one step further, microstructure of a thin film can significantly 

affect thermal conductivity, as demonstrated by TiO2 films [11]. Figure 
5 shows SEM pictures of the range of microstructures obtained for 
MOCVD films deposited at different pressures and substrates. One film 
was grown in a NaCl substrate and lifted off. As shown in the Figure, 
microstructure ranged from a dense texture (a,b) to a highly columnar 
and dendritic morphology (e,f). Figure 6 plots the thermal conductivity 
of each film. 

Figure 6. Thermal conductivity of films shown in Figure 5 [11].

Figure 4. Normalized thermal conductivity plotted against normalized temperature T/ΘD 
for a variety of dielectric thin film materials [11].
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Thermal conductivity was found to vary dramatically with 
microstructure: 

• Thermal conductivity of the dense texture films deposited at 150 Pa 
is approximately 6.0 W/mK at room temperature, slightly less than 
that of bulk TiO2 ( 8.5 W/mK) [12], and attributed to  the lower 
density of the films (80% bulk) compared with that of the bulk 
sample (100%). 

• Substrate-free TiO2 film deposited at 150 Pa indicated the same 
tendency of the dense texture films on the substrate, indicating 
that the substrate has no influence on the thermal conductivity 
measurement. 

• Thermal conductivity of the feather-like texture films deposited 
at 660 Pa was extremely low: approximately 0.5 W/mK at room 
temperature. 

• Thermal conductivity of the dense texture films exhibits a 1/T tem-
perature dependence, indicating typical phonon conduction behav-
ior (see above), however, thermal conductivity of the feather-like 
texture films exhibited nearly flat temperature dependence.
The thermal barrier effect is defined at the difference in tempera-

ture between substrate and gas temperature [14]. Thus, the tempera-
ture difference (DΤ) depends on combined contributions of thermal 
conductivity, microstructure and heat exchange between all thin films 
in the design. For a TBC on a stainless steel tube DT as is given by the 
relation
DT = [(T1 – T2)/{2/a1d1 + ln(d2/d1)/lb + ln(1 + 2d/d2)/lc}][ln
(1 + 2d/d2)/lc]

Here d1 is the inner diameter of the tube, d2 is the outer diameter 
of the tube, d is the coating thickness, lb is the thermal conductivity of 
the tube and lc is the thermal conductivity of the TBC. Figure 7 plots 
the temperature difference against ceramic coating thickness. Here, gas 
temperature is 1050 °C. It was found that DT increased almost linearly 
with increased TBC thickness and also increased by increasing cooling 
gas flows.

Figure 7. Temperature difference plotted against TBC thickness for various cooling gas 
flows [14].

TBC coatings generally fail near the interface when cooling from 
high temperature isothermal exposure in air, even when the cooling 
rate is very slow. This suggests that stresses that cause failure result 
from the metal-ceramic thermal expansion mismatch and not thermal 
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shock. To this end it is necessary to minimize the thermal expansion 
mismatch between different coatings and  substrate. Stresses developed 
on cooling can lead to spalling. Spalling also occurs when the TBC is 
onto an excessively hot substrate [15]. Thermal stress at the coating/
substrate interface can be expressed as 

 σDT = DTDαE/(1 – ν) [14]
where DT is the difference between the temperature after cooling and 
the stress free reference temperature, Dα is the difference in coefficient 
of thermal expansion between the metal and the ceramic, E is the elastic 
modulus of the ceramic and ν is Poisson ratio. 

The stress free temperature can be as high as 400°C [16], which is 
the temperature at which the bond coat is often applied. A typical value 
for Dα is  5 x 10 -6 °C -1[17], and  E and ν are in the range 4.8 x 104 M 
Pa and 0.25 respectively (note that these values are material, substrate, 
microstructure and deposition process dependent). Thus, for this 
example, stresses at the interface on cooling to room temperature from 
temperatures greater than or equal to the stress free temperature are 
approximately -120 MPa (negative sign -> compressive). Large stress 
will cause the coating to fail, particularly upon thermal cycling. Note 
also that adhesion of the bond coat and TBC are critical in determining 
coating delamination and spalling.

During thermal cycling, stresses generated during heating tend to 
counteract compressive residual cooling stresses near the interface where 
failure ultimately occurs. Stress in the TBC has the following behavior: 

• Cooling stresses are highest compressive at the interface and decrease 
toward the surface. 

• Heating stresses are highest compressive at the surface and are tensile 
with respect to the assumed residual stress at the interface.

• Cooling stresses increase when the reference temperature increases, 
which will be the case if stress relief occurs at high temperatures. 

• A probable mechanism for stress relief is flow of the bond coat. The 
bond coat begins to become ductile at temperatures of about 600 °C 
[17,19]. As a result, the bond coat should, after a suitable period of 
time at high temperature, flow to match the stress free length of the 
ceramic at their common interface, which effectively raises the stress 
free temperature. Stress relaxation is also expected to occur [20]. 
Regions of accelerated bond coat oxidation appear to fail sooner than 

regions with excessive heating stress. Bond coat oxidation affects coating 
durability in several ways: 

• The oxide that forms on the bond coat spalls. Specks of bond coat 
oxide generally remain attached to the underside of spalled ceramic 
pieces. This is typically a secondary effect. 

• Oxidation decreases bond coat ductility through the formation of 
additional oxides at the splat boundaries or causes it to increase 
through aluminum depletion. 
Oxidation also plays a critical role in the failure of graded thermal 

barrier coatings. Graded coatings consist of an intermediate layer com-
posed of a mixture of bond coat alloy and ceramic, which is intended to 
mitigate the effects of thermal expansion mismatch stresses. However, 
at high temperatures metal particles in the graded zone oxidize signifi-
cantly. As they oxidize, they expand, and create buckling stresses in the 
coating. These “growth” residual stresses add to thermal stresses due to 
cycling, and as a result, cracks parallel to the surface form in the graded 
zone and spalling occurs. 

Spallation resistance and thermal conductivity are critical factors 
affecting aircraft turbine applications. Thermal conductivity is strongly 
dependent on the volume fraction and morphology of the porosity 
found in the TBC. Spallation resistance, however, is dependent on the 
mechanical properties of all three layers [6,9,21,22]. For example, the 
TBC top layer must have a high in-plane compliance to minimize CTE 
mismatch between the top TBC layer and the underlying superalloy 
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substrate. To this end, a major challenge in the development of oxida-
tion resistant coatings is long-term stability of a protective oxide scale 
that forms during operation and for which purpose alumina formation 
is essential. Changes in coating composition and diffusional losses 
between coating and substrate (and vice versa) at high temperatures are 
also major concerns. 

Even when highly elastic TBC top layers are used, spallation failure 
can still occur. Failures generally occur at the TBC-oxide interface and 
initiate in the TBC layer. Acontributing factor is the development of 
large stresses in the thermal oxide layer. A large CTE mismatch does 
not help. Excessive stress has been linked to the CTE mismatch between 
the thermal oxide layer and the substrate/bond coat and to growth 
stresses in the thermal oxide.

As was discussed previously, yttria stabilized zirconia (YSZ) is the 
prime candidate for the TBC applications [8,6,21,22]. It is also inter-
esting to note that this material is used extensively in fuel cells and 
for dental crowns. YSZ has a low thermal conductivity ~ 2.4 W/mK 
and relatively high CTE ~ 9.0 x 10-6 K-1, as shown in Figure 8. ZrO2-
8wt%Y2O3 films are typically deposited on NiCrAlY by magnetron 
sputtering [8,9], plasma spray [8,22] and electron beam evaporation 
(EBPVD) [8]. As mentioned previously, because relatively thick coat-
ings are used, plasma spray and EBPVD are the preferred deposition 
techniques. TBC’s deposited by these two processes, however, have 
very different properties and microstructures. Figure 9 shows typical 
microstructures. E-beam coatings have a columnar structure that can 
be related back to structure zone models and a resultant high thermal 
conductivity. Plasma sprayed coatings have an overlapping platelet 
microstructure, less conducive to heat transfer. However, the pore 
structure of the evaporated coating is significantly finer than that of the 
plasma sprayed film. This is found to increase the compliance of the 
coating in the plane of the substrate, and results in reduced spalling of 
the oxide layer. 

Figure 8. Thermal conductivity vs CTE for TBC materials [8].

Let’s examine a typical TBC system. Here the YSZ TBC and 
Co-32Ni-21Cr-8Al-0.5Y  bond coat were deposited by vacuum plasma 
spray onto turbine blades shown in Figure 10. The specimens were 
then subjected to thermal cycling between room temperature and 
temperatures of 1000, 1025, 1050, 1075 and 1100 °C. Failure of the TBC 
resulting when cracks appeared on the surface of the TBC. Figure 11 
shows the number of cycles to failure for different types of components 
and Figure 112 shows spalling of the overlayer and  bond coat after 101 
cycles at 1000°C. note that the number of cycles to failure decreased 
significantly with an increase in maximum temperature of 100 °C. The 
composition of  spalled flake was CoO rich CoCrO4. The following 
conclusions regarding this coating system were determined:

Figure 9. Pore morphology of plasma sprayed and EBPVD 
deposited YSZ films [8].

continued on page 36
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• The cyclic life of TBCs decreases as the cyclic temperature increases 
from 1000 to 1025 to 1050 to 1075 to 1100 °C. The decrease 
in cyclic life was most pronounced when the temperature was 
increased from 1000 to 1025 °C. Specimen geometry (see Figure 4) 
has a large influence on the cyclic life of TBCs.

• There seems to be no critical specific mass gain at which the TBCs’ 
fail after thermal cyclic testing from room temperature up to vari-
ous temperatures within the range 1000-1100 ‘C. An unexpected 
minimum in specific mass gain at failure was observed at 1075 °C.

• The oxidation rate of the Co-32Ni-21Cr-8A1-0.5Y bond coat 
increases dramatically when the cyclic temperature exceeds 1075°C.

• CoO and NiO grow on previously formed columnar A1203 on the 
bond coat surface by the diffusion of nickel and cobalt ions through 
the A1203 scale.

• Co(Cr,A1)204 was determined to be the major phase of out-grown 
bond coat oxide present on the internal surface of the spalled 
ceramic overlayer.

• Spalling of the ceramic overlayer propagates along the ceramic 
overlayerbond coat oxide scale interfacial region for Zr02—Y203/
Co-32Ni-21Cr-10A1-0.5Y TBCs.

Figure 10. Typical turbine blade geometries [8].

Figure 11. Cyclic lifetime of TBC’s cycled at various temperatures [4].

Figure 12. SEM picture of spalled ceramic overlayer and CoO-rich CoCrO4 on the bond coat [4]. 

Although YSZ has been the workhorse of this technology, new 
materials are constantly being developed to inhibit oxidation resistance 
and offer low thermal conductivity [6,7,22,23]. Plasma spray and elec-
tron beam evaporation (EB-PVD) are the most widely used deposition 
processes for TBCs [23,24,25,26,27]. EB-PVD has produced the most 
durable coatings [1]. New materials include oxides with magnetoplum-
bite structure of the general composition, LnMAl11O19 (Ln=La to Gd; 
M=Mg, Mn to Zn) [22], ZrO2:Gd2O3, samarium zirconate: Sm2Zr2O7 
(SZO) [1,22] and Ti-Al-Cr [6] which have high melting points, high 
thermal expansion, and low thermal conductivities which make them 
suitable for applications as high temperature thermal barrier coatings. 
Magnetron sputtered Ti-Al-Cr coatings, for example, show promising 
oxidation resistance and potential for use as bond coats [6]. Figure 13 
compares the oxidation resistance (weight gain in this case) of Ti-Al-Cr 
coatings on Ti-45Al-8Nb and reference Ti-45Al-8Nb at cycling to 
750°C, 900°C and 950°C. The Ti-Al-Cr coatings demonstrate signifi-
cantly less weight gain which corresponds to improved oxidation resis-
tance. Figure 14 shows the mass change of an e-beam deposited TBC 
after 120 1-h cycles to 900°C. 

Figure 13. Comparison of weight gain for Ti-Al-Cr coatings on Ti-45Al-8Nb [6].

Figure 14. Mass change of an e-beam deposited TBC on Ti-Al-Cr after 120 1-h cycles to 900°C. 

It was found that oxidation resistance was optimum when a Laves 
phase was formed, as shown in Figure 15 (a Laves phase is an inter-
metallic phase that has composition AB2. They are classified on the 
basis of geometry alone with three different classification classes: cubic, 
hexagonal MgZn2, and hexagonal MgNi2. In general, the A atoms are 
ordered as in diamond, hexagonal diamond, or a related structure, and 
the B atoms form tetrahedra around the A atoms for the AB2 structure). 
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mine the best TBC and bond coat compositions for each specific alloy 
and application. The basic design of these systems generally consists of 
multilayer coatings each with a specific function:

• Oxide resistant bond coat next to the engine/turbine component
• Thermal oxide interlayer
• Compliant low thermal conductivity TBC
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