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PVD TBC Experience on GE Aircraft Engines 
A. Maricocchi, A. Bartz, and D. Wortman 

The higher performance levels of modern gas turbine engines present significant challenges in the reli- 
ability of materials in the turbine. The increased engine temperatures required to achieve the higher per- 
formance levels reduce the strength of the materials used in the turbine sections of the engine. Various 
forms of thermal barrier coatings have been used for many years to increase the reliability of gas turbine 
engine components. Recent experience with the physical vapor deposition process using ceramic material 
has demonstrated success in extending the service life of turbine blades and nozzles. Engine test results 
of turbine components with a 125 lain (0.005 in.) PVD TBC have demonstrated component operating tem- 
peratures of 56 to 83 *C (100 to 150 ~ lower than non-PVD TBC components. 

Engine testing has also revealed that TBCs are susceptible to high angle particle impact damage. Sand 
particles and other engine debris impact the TBC surface at the leading edge of airfoils and fracture the 
PVD columns. As the impacting continues, the TBC erodes in local areas. Analysis of the eroded areas has 
shown a slight increase in temperature over a fully coated area; however, a significant temperature reduc- 
tion was realized over an airfoil without TBC. 
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1. Introduction 

THE DRIVE FOR increased aircraft engine thrust and fuel effi- 
ciency has resulted in continual increases in hot section tem- 
peratures. Several generations of superalloys have been 
developed over the past 20 years to make these increases in tur- 
bine inlet temperature possible. However, the limits of stress 
rupture, surface protection, and melting point make this increas- 
ingly difficult. In addition, the amount of air that can be used for 
cooling in high-performance engines is limited. The use of ther- 
mal barrier coating (TBC) has the potential to extend these ad- 
vances in aircraft engine development by providing a layer of 
thermal insulation between the superalloy turbine airfoil and the 
hot gases (Fig. 1). With the turbine airfoil cooling technology 
available today, a 250 p.m (0.010 in.) thick TBC can reduce the 
average metal temperature by 111 to 167 ~ (200 to 300 ~ (Ref 
1). Designing a TBC for full thermal insulating benefit requires 
high confidence because loss of the TBC could result in rapid 
component degradation. The payoff in increased engine thrust 
of fuel efficiency is significant; therefore, much effort is being 
focused on improvements in the reliability of TBCs. Additional 
effort is being expended to further the understanding of the be- 
havior of TBCs. 

Thermal barrier coatings have been used extensively since 
the mid 1970s for life extension of combustor and afterburner 
components. Plasma-sprayed zirconia, with 7% yttria (YSZ) for 
stabilization of the tetragonal phase, was determined to be most 
successful for these applications. Very low thermal conductiv- 
ity, high melting point, inertness, and relatively high coefficient 
of thermal expansion (CTE) make zirconia ideal as a TBC. Al- 
though YSZ has one of the highest CTEs of any high-tempera- 
ture ceramic, it is still only about 70% of the superalloy 
substrate. To help accommodate the large compressive stresses 
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that result from cool down of service temperatures, the YSZ 
must be sprayed to achieve a microstructure that will accommo- 
date these strains. Both porous (Ref 2) and dense vertically 
cracked (Ref 3) microstructures have been successful in accom- 
plishing this strain tolerance. A plasma-sprayed MCRAIY 
(where M equals any combination of Co, Ni, or Fe) bond coat 
is applied prior to the YSZ to promote adherence to the metal 
substrate. 

Roughness of the plasma-sprayed bond coat was found to be 
essential to the adherence of the plasma-sprayed YSZ because it 
provided a mechanical bonding of the YSZ to the bond coat (Ref 
4). Use of the plasma-spray TBCs was extended to high-pres- 
sure turbine nozzles (HPTN) in the late 1980s through the use of 
low-pressure plasma-sprayed bond coats, which have greater 
oxidation resistance than atmospheric plasma-sprayed bond 
coats (Ref 4). 
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Fig. 1 Schematic of a thermal barrier coating 
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2. Physical Vapor Deposited Thermal 
Barrier Coatings 

Physical vapor deposition (PVD) processes such as sputter- 
ing will produce highly columnar deposits under certain condi- 
tions of  evaporation. A strain tolerant microstructure with YSZ 
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produced by sputtering was observed by Bush et al. (Ref 5). 
Higher deposition rates achievable by electron beam physical 
vapor deposition make this process economically feasible for 
deposition of  highly strain tolerant TBCs. Figure 2 depicts the 
features of  a PVD TBC. Bond coats are required for adherence 
and oxidation resistance of the substrate. As opposed to the 
plasma-sprayed TBC, the PVD TBC relies on a chemical bond 
between a smooth bond coat, the alumina scale that forms on the 
bond coat, and the YSZ. The alumina scale between the bond 
coat and the TBC continues to grow during engine operation. 
Alumina forming bond coats are successfully used for PVD 
TBC bonding, and controlling the growth of  the alumina scale is 
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Fig. 2 Typical physical vapor deposited thermal barrier coating 
Fig. 3 Micrograph showing separation between AI203 scale and 
bond coat 

Fig. 4 Stage ! HPTB without TBC showing axial and radial cracking of the material after 1820 cycles. The airfoil length is 6.4 cm (2.5 in.). 
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a key feature in increasing the life of these systems. Control of 
the PVD processing parameters is also important for production 
of  the strain tolerance necessary for reliability. 

This paper describes the successful testing of PVD TBC on 
HPTN and high pressure turbine blades (HPTB) (gamma prime, 
y ' ,  strengthened nickel-base superalloys) where the TBC sig- 
nificantly extends the life of  the components. 

3. Application of PVD TBCs to Aerospace 
Components 

The PVD process was used to apply the TBC to several jet en- 
gine components to evaluate its effectiveness under operating con- 
ditions. High-pressure turbine blades and nozzles were selected 
because these components reside in the hottest section of the engine 
and are most susceptible to base material degradation. 

One advantage of  the PVD TBC is the smooth surface finish 
that is generated on the surface of  a component. The PVD TBC 
surface as deposited produces a 1.0 to 1.5 lam R a (40 to 60 I.tin. 
Ra) finish, where R a is surface roughness. Surface finishing to 
the tips of the columns can also be performed on the PVD TBC 
to reduce the finish of the surface to 0.5 to 0.75 ktm R a (20 to 30 
I.tin. Ra). 

Spallation is a major concern for components treated with the 
PVD TBC process. This is the loss of coating due to chipping or 
other operating environmental factors. Spallation can occur 
when stresses are generated through the coefficient of  thermal 
expansion mismatch between the YSZ ceramic and the metal 
substrate. Stresses are also generated through the coefficient of 

thermal expansion mismatch between the substrate and the alu- 
minum oxide that grows on the bond coat surface. Through con- 
trol of  the PVD process parameters, the YSZ can be deposited 
with a columnar microstructure that accommodates the thermal 
expansion mismatch without generating compressive stresses in 
the YSZ on cool down from deposition or operating tempera- 
tures. Measurement of  residual stress in PVD YSZ shows room- 
temperature stresses that are less than 10 ksi (68.9 MPa) (Ref6). 
Calculation of  room-temperature stresses, assuming the deposi- 
tion temperature as stress free, predicts compressive stresses 
greater than 100 ksi (689 MPa). Control of  the stresses in the 
thermally grown alumina is more difficult because a dense mi- 
crostructure is both desired (to slow subsequent oxidation) and 
naturally formed. With thermally grown alumina, the growth 
temperature is probably the stress-free temperature. Inward dif- 
fusion of  oxygen anions may even produce compressive growth 
stresses at the thermal exposure temperature. Calculation of  the 
room-temperature stresses, due to the coefficient of thermal ex- 
pansion mismatch with the substrate, predicts a 300 to 400 ksi 
(2067 to 2756 MPa) compressive stress. 

The interracial strength of the PVD TBC system is greater 
than 10 ksi (68.9 MPa) in the as-deposited condition as demon- 
strated by epoxy failures in bond strength tests. After thermal ex- 
posure, the bond strength drops below 6 ksi (41.3 MPa), with 
separation occurring at the alumina bond coat interface. It is be- 
lieved that the two effects are occurring during thermal expo- 
sure. The alumina scale becomes thicker, and therefore, the 
compressive force (proportional to the thickness of the alumina) 
increases. The bond strength decreases due to any of  several 
mechanisms (void formation under the alumina, sulfur migra- 

Fig. 5 Stage 1HPTB with TBC showing leading-edge and suction-side TBC spallation after 1820 cycles. The airfoil length is 6.4 cm (2.5 in.). 
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Fig. 6 Micrograph of the TBC cracking due to particle impact damage 

tion to the scale metal interface, or thermal cycle induced crack- 
ing in the scale). The tensile bond test cannot differentiate be- 
tween these two effects. However, the result is clear; exposure to 
elevated temperature eventually leads to compressive loads that 
produce buckling at the interface between the alumina scale and 
the bond coat and subsequent spallation of the TBC (Fig. 3). 

4. Engine Turbine Blade Testing of PVD 
TBCs 

The PVD TBC has been tested on the stage 1 HPTB of  a high 
bypass engine. The test was conducted for 1820 endurance en- 
gine cycles, where one cycle simulates the takeoff, climb, 
cruise, and thrust reverse. The TBC was deposited over the en- 
tire airfoil surface to a thickness of 125 Ixm (0.005 in.). 

The test included both coated and uncoated blades to accu- 
rately evaluate the impact of  the PVD TBC. Figure 4 shows 
post-test photographs of  one of  the test blades without the PVD 
TBC. The blade contained an axial crack at the 55% span and a 
radial crack on the suction side from the 40% to the 80% span. 
The blade failed due to rupture of the base material. 

Figure 5 shows a TBC coated blade after the engine test; it 
shows no spallation on the concave airfoil and no spallation on 
the convex airfoil after the leading edge region. However, there 
is some TBC spallation at the leading-edge and on the suction- 
side leading edge. Both of  these spalls are attributed to impact 
damage or erosion damage from debris coming through the tur- 
bine. This blade did not have any cracks and can be reserviced 
using a strip and recoat procedure. 

Closer examination of  the blade was performed to determine 
how the PVD TBC responded when impacted by debris. Figure 
6 shows the microstructure of the TBC near the spalled regions. 
The engine debris impacted the ceramic at the surface, cracking 
the columns. The cracks propagated to the interface and eventu- 
ally spalled the ceramic. 

The percent volume of  7 '  precipitant in the alloy was meas- 
�9 ured through microstructure analysis. This measurement was 
then compared to the solubility curve (percent precipitate versus 
temperature) of the alloy to estimate the highest operating tem- 
perature at that specific location on the blade. These examina- 
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Fig. 7 Schematic of blade airfoil showing location of intentionally 
missing TBC 

tions were taken at the mid-wall location between the blade sur- 
face and the internal cavity of the blade. Results indicate that the 
blade with the TBC ran at a temperature 56 to 83 ~ (100 to 150 
~ lower than the blade without the TBC. 

For the next engine test, blades were prepared with the TBC 
intentionally missing from certain areas of the blade. The TBC 
was applied to the entire airfoil, then locally grit blasted to re- 
move the TBC (Fig. 7). The three locations of the blade with 
missing TBC are (a) the nose of the blade between the 50 to 80% 
span (location A), (b) the suction-side leading edge between the 
50 to 80% span (location B), and (c) the pressure side at the mid 
chord between the 50 to 80% span (location C). The blades were 
tested for 2000 engine endurance cycles along with blades that 
contained a full TBC and blades without a TBC. 

Figure 8 shows the blades after the engine test. The intention- 
ally grit-blasted areas did not grow in size after 2000 engine cy- 
cles, and no distress was observed. The blades were then 
metallographically examined to determine the maximum metal 
operating temperatures through y '  analysis. In location A, along 
the leading-edge nose, no temperature reduction was observed 
between the blade with the intentionally spalled TBC and the 
blade that did not have TBC. In location B, the temperature re- 
duction on the intentionally spalled TBC blade was minimal, 
and in location C, the temperature reduction was estimated to be 
24 ~ (75 ~ at the mid-wall location for the intentionally 
spalled TBC. At the surface of  locations B and C, the tempera- 
ture reduction is estimated to be 38 ~ (100 ~ for the spalled 
TBC blade when compared to the blade without TBC. 

5. Engine Nozzle Testing of PVD TBCs 

Tests of the PVD TBC were also performed on the HPTN of  
a high bypass engine. The test was conducted for 750 endurance 
engine cycles, where one cycle simulates takeoff, climb, cruise, 
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Fig. 8 Stage 1 HPTB showing the areas of intentionally spalled TBC after 2000 cycles. The airfoil length is 6.4 cm (2.5 in.). 

Fig. 9 HPTN with a PVD TBC prior to engine testing 

and thrust reverse. The engine was operated at or above standard 
"red line" conditions, resulting in an engine test that exceeded 
normal operating parameters. The TBC was deposited on the 
airfoil surface to a thickness of 125 pm (0.005 in.). 

The TBC was only applied to the suction side of the nozzle as 
shown in Fig. 9. The PVD TBC has an application advantage in 
that it provides a smooth transition from the noncoated region to 
the coated region. This eliminates aerodynamic effects with tur- 
bulence that would be caused if the process created a step be- 
tween the TBC and non-TBC regions. Turbulence created when 
the boundary layer air crosses a step in the coating will reduce 
the cooling effectiveness of  the air, which then increases the ma- 
terial temperature. 

Fig. 10 HPTN with a PVD TBC after 750 cycles ofengine testing 

Figure 10 shows the TBC HPT nozzle following the engine 
test. The TBC remained intact with no spallation. The minor 
chipping at the trailing edge was caused by assembly. Figure 11 
shows a HPTN that did not have a TBC. The extreme conditions 
of  the test resulted in massive thermal fatigue cracks on the suc- 
tion side of  the nozzle, which extended through the wall of  the 
base alloy. There were no thermal fatigue cracks extending 
through the walls of the nozzle with the TBC, but there was some 
cracking in the environmental bond coating. 
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Fig. 11 HPTN without TBC after 750 cycles of testing showing ther- 
mal fatigue cracking in the airfoil material 

6. Conclusions 

The engine tests of  the PVD TBC resulted in a 38 to 66 ~ 
(100 to 150 ~ temperature reduction in the stage 1 HPTB and 
the HPTN. The tests also indicated that the PVD TBC is suscep- 
tible to leading-edge damage due to impact from particles run- 
ning through the engine or  various other engine debris. The PVD 

TBC has been introduced for stage 1 HPTB. Additionally, over  
10,000 cycles of  engine testing have been accumulated on noz- 
zles with the TBC.  The TBC for nozzles was introduced in the 
early 1990s. 
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