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Thermal Barrier Coating Life Modeling 
in Aircraft Gas Turbine Engines 

D.M. Nissley 

Analytical models for predicting ceramic thermal barrier coating (TBC) spalling life in aircraft gas tur- 
bine engines are presented. Electron beam/physical vapor-deposited and plasma-sprayed TBC systems 
are discussed. An overview of the following TBC spalling mechanisms is presented: (1) metal oxidation at 
the ceramic/metal interface, (2) ceramic/metal interface stresses caused by radius of curvature and inter- 
face roughness, (3) material properties and mechanical behavior, (4) component design features, (5) tem- 
perature gradients, (6) ceramic/metal interface stress singularities at edges and corners, and (7) object 
impact damage. Analytical models for TBC spalling life are proposed based on observations ofTBC spall- 
ing and plausible failure theories. Spalling was assumed to occur when the imposed stresses exceed the 
material strength (at or near the ceramic/metal interface). Knowledge gaps caused by lack of experimen- 
tal evidence and analytical understanding of TBC failure are noted. The analytical models are considered 
initial engineering approaches that capture observed TBC spalling failure trends. 

IKeywords analytical models, spalling mechanisms, thermal barrier I I 
coatings I 

1. Introduction 

SINCE the 1950s the rotor inlet temperature of aircraft gas tur- 
bines has risen at a rate of about 22 ~ (40 ~ per year (Ref 1). 
This rise in operating temperature has been accommodated by 
improved cooling methods and superalloys such as nickel-base 
single crystals. However, as cost-effective cooling and superal- 
loy advancements become exhausted, TBC insulation is re- 
quired to shield the turbine superalloy components from the 
increasingly severe temperature environment. 

Thermal barrier coatings (TBCs) are a powerful cooling 
method. Each 0.025 mm (0.001 in.) of TBC thickness provides 
up to 17 to 33 ~ (30 to 60 ~ temperature reduction, depending 
on the TBC ceramic structure and level of  convective cooling 
(Ref 2). However, TBC delamination and spalling in hot-section 
components may occur before reaching the component design 
life requirement. Local TBC spalling introduces a hot-spot con- 
dition in the substrate, which aggravates substrate oxidation and 
thermomechanical fatigue (TMF) crack initiation (e.g., Ref 3). 
As a result, the full TBC cooling benefit cannot be realized. 
Cooling air is needed to counteract the effect of hot regions 
caused by local TBC failure. Accurate TBC life prediction 
models are needed to optimize cooling flows, reduce compo- 
nent design and development costs, and create avenues for TBC 
material and/or processing improvements. 

Thermal barrier coating systems used in aircraft gas turbines 
are fabricated by plasma spray or electron beam/physical vapor 
deposition (EB-PVD). These TBC systems nominally consist of 
a 0.127 mm (0.005 in.) MCrAIY bond coat and a 0,254 mm 
(0.010 in.) ceramic top coat. The bond coat is needed to prevent 
oxidation of  the substrate material and provide good bonding of  
the ceramic. Yttria partially stabilized zirconia (nominally 7 
wt% Y) is typically used for the ceramic top coat. The typical 
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structure of plasma-sprayed and EB-PVD TBC coatings is 
shown in Fig. 1. Plasma-sprayed TBC is a bulk coating in which 
the as-deposited ceramic contains microdefects. Plasma- 
sprayed TBC failure occurs just above the metallic bond coating 
in the ceramic material. Ceramic delamination cracks initiate 
very near (or at) peaks in the rough bond coating and propagate 
along the interface in the ceramic layer. An EB-PVD ceramic 
has a columnar structure as a result of the vapor deposition proc- 
ess. Failure in an EB-PVD TBC occurs in the thermally grown 
oxide (TGO) layer adjacent to the metallic bond coating. Most 
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6-8). These improved models captured TBC spalling life by 
combining a structural analysis of the TBC (i.e., substrate, bond 
coat, and ceramic) with the accumulated TGO thickness. How- 
ever, further investigation of TBC spalling mechanisms and 
modifications to TBC life models are needed to adequately cap- 
ture TBC spalling life. Areas of investigation and model modifi- 
cations are suggested herein. 

2. Overview of TBC Spailing Mechanisms 

2.1 Metal Oxidation (TGO Formation) 

Thermally grown oxide formation due to metal bond coat 
oxidation is a volumetric expansion process that occurs during 
high-temperature exposure. The volume change is constrained 
in the plane of  the interface because the stiffness of the TGO is 
insignificant relative to the stiffness of the substrate. As a result. 
the TGO forms with a residual compressive stress. Upon cooling 
to ambient conditions, the TGO is forced further into compres- 
sion. It is speculated that TGO formation creates (or increases) 
the normal stress perpendicular to the ceramic/metal interface at 
microdefect sites in either the (plasma-sprayed TBC) ceramic or 
(EB-PVD TBC) TGO layer. However, based on static furnace 
tests, it is known that TGO formation by itself is insufficient to 
cause TBC spalling. No TBC failures were observed in static 
furnace oxidation tests so long as the specimens remained in the 
furnace. The TBC spalled when the specimens were removed 
from the furnace and cooled to ambient conditions (Ref 6-8). 

Fig. 1 Typical microstructures of TBC coatings 

of  the TGO in EB-PVD TBC remains adherent to and is lost with 
the ceramic during a spall event. 

Crack initiation and growth to a critical size in TBCs is pre- 
dominantly associated with the stress field at TBC microdefect 
locations. Microdefects can be produced by the fabrication 
process or by high-temperature thermal exposure. Both in-plane 
(parallel to the ceramic/metal interface) and out-of-plane (per- 
pendicular to the ceramic/metal interface) stresses can be pres- 
ent. For example, the typical bulk residual stress state in the 
nonmetal layer adjacent to the interface around the circumfer- 
ence of a tube combines in-plane compression and out-of-plane 
tension. The bulk stresses interact with the microdefect structure 
to promote crack initiation and growth. Then, when the near-in- 
terface crack(s) has grown to a critical size, the TBC fails by 
spalling. Spalling (far from edges and comers) is usually caused 
by coating buckling (Ref 4, 5). 

Initial engineering TBC spalling life correlations were ac- 
complished by charting the observed TBC life versus tempera- 
ture. Thermally grown oxide formation was considered the 
primary TBC delamination cracking mechanism. Temperature 
was used as an indirect measurement of  TGO formation at the 
ceramic/metal interface. By the end of  the 1980s, more sophisti- 
cated TBC spalling life prediction models were developed (Ref 

2 .2  Radius of Curvature 

The local radius of  curvature directly affects the stress per- 
pendicular to the interface, 6n (Ref4, 5). Consistent with the ob- 
servation that TBC spalling is a buckling phenomenon, the 
ceramic stress parallel to the interface, G0, is compressive. Then 
on concave surfaces, such as on the pressure surface of airfoils, 
t~ n is compressive, and on convex surfaces, such as airfoil suc- 
tion surfaces. Gn is tensile. In general, a finite-element analysis 
is used to determine Gn, but isothermal conditions can be mod- 
eled by using a thin-wall pressure vessel formula: 

(3 n = pt(30 (Eq 1) 

where p is the local radius of curvature and t is the coating thick- 
ness. 

2 .3  Interface Roughness 

Interface roughness (or waviness) is considered a stress con- 
centration that affects the local level of On. For plasma-sprayed 
TBC, a residual ~n develops that is tensile at the bond coat peaks 
and compressive at the bond coat valleys (Ref 4). The ce- 
ramic/metal interface of an EB-PVD TBC is smooth relative to 
a plasma-sprayed TBC. Thus, the contribution of interface 
roughness to the residual t~n in an EB-PVD coating is considered 
small. As an initial approach, Evans et al. (Ref4)  proposed the 
solution of an isolated cylindrical inclusion: 
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Fig. 2 Interface roughness effect on the local residual stress field. 
Source: Based on Ref 4 

Table 1 Effects  o f  s in te r ing  on  sprayed z irconia  propert ies  

Sintering condition 

Room-temperature normalized properties(a) 
of E k ~f 
13fo Eo ko Efo 

As sprayed 1.00 1.00 1.130 1.00 
5 h at 1093 ~ (2000 ~ 1.19 1 . 1 2  . . . . . .  
36 hat 1093 ~ (2000 ~ 1.42 1 . 3 2  . . . . . .  
24 h at 1288 ~ (2350 ~ 2.80 4.70 .., 0.25 
1 h at 1427 ~ (2600 ~ 3.50 3.10 . . . . . .  
5 h at 1593 ~ (2900 ~ 3.61 4.10 ... 0.20 
36 h at 1593 ~ (2900 oF) 3.68 4,17 2.53 0.20 

(a) of, failure strength; E, elastic modulus; k, thermal conductivity; ef, failure 
strain; 6fo, E o, k o, and efo, as-sprayed properties 

[AotAT][1/~:+ Ec(1 + Vc)(Rp) ] sin (2ny/~,) 
On - 1 + R/t (Eq 2) 

( l + v c )  ( 1 - 2 V s )  

2e-----Z + t r  

The interface roughness effect is presented in Fig. 2. Equation 2 
generates stress trends in qualitative agreement  with the finite- 
e lement  results of  Chang et al. (Ref  9). 

2.4 Ceramic Sintering 

As-deposi ted  ceramics  can sinter rapidly when  exposed  to 
tempera tures  above  1093 ~ (2000 ~ The s inter ing process  
causes  s ignif icant  vo lumet r ic  and material  proper ty  changes.  
Sinter ing shrinks the ce ramic  and introduces  in-plane  tensile 
stress that can cause  cracks  perpendicular  to the interface 
(i.e., mudflat  cracks).  Typically,  the ceramic becomes  stiffer 
and more l inearly elast ic with a commensura te  decrease  in 
ductility. Thermal  conduct iv i ty  general ly  increases.  The ef- 
fects  o f  sintering on a p lasma-sprayed zirconia ceramic  are 
presented in Table 1. In E B - P V D  coatings,  the co lumnar  
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Fig. 3 Boundary conditions used for heat-transfer and structural 
analysis of TBC 

structure can be destroyed by sintering, The long-term effect o f  
ceramic sintering on TBC spalling needs further experimental  
and analytical investigation. 

2.5 Material Constitutive Behavior 

2.5.1 C e r a m i c s  

Ceramics  are often considered elastic materials; however, it 
is known that TBC ceramics can also behave in an apparent in- 
elastic fashion (Ref 6-8). Tensile inelastic deformation and 
stress relaxation can increase the residual in-plane compressive 
stress that contributes to TBC spalling. 
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Unified viscoplastic models can be modified to capture the 
first-order apparent inelastic behavior of TBC ceramics (Ref 6- 
8). As an example, a transient heat transfer and nonlinear struc- 
tural analysis was performed on a TBC-coated flat plate using an 
enhanced version of the LAYER finite-element program (Ref 
10). Substrate and TBC heat-transfer boundary conditions are 
presented in Fig. 3. The substrate was 2.29 mm (0.090 in.) 
MAR-M509 with a 0.127 mm (0.005 in.) MCrA1Y bond coat 
and a 0.254 mm (0.010 in.) ceramic top coat. The analysis pro- 
ceeded until three consecutive thermal cycles were completed. 
Structural analysis results are presented in Fig. 4 and 5 for the 
third cycle of the analysis. In turbine applications, plasma- 
sprayed ceramics exhibit cyclic inelasticity; however, EB-PVD 
ceramics are virtually elastic in the normal turbine operating 
temperature range. The EB-PVD columnar structure, unlike a 
plasma-sprayed ceramic, is considered incapable of withstand- 
ing significant tensile stress (Ref 7, 8). The EB-PVD constitu- 
tive model captures tensile straining by assuming that the 
ceramic columns break apart when subjected to tensile stress. 
Then, upon reverse loading, the ceramic columns are brought to- 
gether before compressive stress is imposed. 

2.5.2 TGO 

The TGO is very thin (less than about 13 p.m, or 5 x 10 -4 in.). 
Because of its thinness and because it exists underneath the ce- 
ramic layer, TGO constitutive behavior has not yet been deter- 
mined experimentally. Thermally grown oxide behavior is 
typically assumed to be elastic with material properties equal to 
A1203 (Ref 7, 8). 

2.5.3 Bond Coat 

The bond coat is an oxidation-resistant metallic coating, usu- 
ally of the MCrA1Y family, that is plasma sprayed onto the sub- 
strate. Such coatings are highly viscoplastic above about 650 ~ 
(1200 ~ and very strong below about 427 ~ (800 ~ (Ref 11 ). 
As a result, substantial inelastic deformation occurs in the bond 
coating during thermal cycling. Bond coat nonlinear structural 
analysis results are shown in Fig. 4 and 5. Chang et al. (Ref 9) 
suggest that the effect of bond coat inelasticity is small; how- 

ever, further investigation across the turbine operating tempera- 
ture range is needed. Considering the effect of interface rough- 
ness, it is speculated that bond coats that generate low residual 
tensile stress upon cooling to room temperature are desirable for 
improved plasma-sprayed TBC durability. 

2.5.4 Substrate 

Understanding the inelastic behavior of the substrate is im- 
portant because the substrate controls the deflections imposed 
on the TBC (assuming insignificant TBC stiffness). For exam- 
ple, hot-spot component locations can stress-relax quickly and 
influence the local strain field of the TBC. Many viscoplastic 
models are currently available for predicting substrate inelastic 
deformation (e.g., Ref 11-13). 

2.6 Local Component Geometric Design Details 

Normally, no shear stress exists at a smooth ceramic/metal 
interface unless an interface crack is present (Ref 4). However, 
some component design details introduce shear stress into the 
interface by imparting a "punch" load. This situation is similar 
to an end-supported beam that is loaded at its middle (i.e., three- 
point bending). Such loading can introduce significant (i.e., 
>10% of fracture strength) transverse shear stress at the inter- 
face. Usually, transverse shear stress occurs at local features 
such as airfoil pedestal trailing edges and combustor liner 
welded lap joints. 

2 .7  Thermal Gradients 

The maximum in-plane stress usually occurs during transient 
operating conditions. Whereas the outer ceramic layer responds 
rapidly to transient thermal conditions, the substrate does not be- 
cause of the ceramic insulation. The substrate constrains the 
TBC until enough heat is conducted through the ceramic such 
that the substrate thermal expansion overtakes the ceramic ther- 
mal expansion. For steady-state constant heat flux conditions, 
Andersson (Ref 5) estimates t~ n for cylindrical geometries by 
combining Eq 1 with the following formula for stress: 
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Fig.  4 Constitutive behavior of  a plasma-sprayed TBC 
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Fig. 5 Constitutive behavior of  an EB-PVD TBC 
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acEc Qt 
if0= ( l_Vc)  Ak e (Eq4) 

For a given TBC system, Eq 4 infers that spalling life is reduced 
as heat flux and ceramic thickness are increased. This is consis- 
tent with TBC spalling observations (Ref 6). 

2.8 Stress Singularities at Edges and Corners 

Frequently, TBC spalls originate at component edges or cor- 
ners such as drilled film cooling holes, airfoil platforms, or 
blade-tip shrouds. Stress singularities exist at such locations be- 
cause of dissimilar material properties. As shown in Fig. 6, the 
edge condition cannot be solved by conventional finite-element 
analysis because asymmetrical shear violates the theory of  elas- 
ticity in the element along the edge. As a result, stress singulari- 
ties are introduced near the edge to satisfy the edge boundary 
conditions (e.g., Ref 14, 15). Recent numerical modeling trends 
indicate that stress intensity can be used to model the edge con- 
dition. One such approach (Ref 15) involves a hybrid tech- 
nique that combines the results of finite-element and surface 
integral analyses to calculate the mode I and mode II stress 
intensities along the interface. Typical edge stress singularity 
results are presented in Fig. 7. The relationship between the 
edge stress intensities and TBC spalling life must be deter- 
mined experimentally. 

�9 - -  - - -  . - -  

4. Life Modeling 

4.1 Plasma-Sprayed TBC 

Life modeling of plasma-sprayed TBC was based on a com- 
bination of metal oxidation and ceramic cyclic inelasticity (Ref 
6). The life model followed a power-law relationship: 

Nf = Al~Tb ~ 5) 

l , Lt i . ) t  t. c) j 
(F_~6) 

A correlation of burner rig data from Ref 6 is presented in Fig. 8. 
The burner rig data consist of three generic test cycles: strain 
emphasis, oxide emphasis, and mixed mode. The strain empha- 
sis cycle consists of a 2 min heating to maximum temperature 
and a 4 min cooling to about 38 ~ (100 ~ The oxide emphasis 
cycle consists of  a 1.5 min heating from about 538 ~ (1000 ~ 
to maximum temperature, a several-minute dwell at maximum 
temperature, and then a 0.5 min cooling back to 538 ~ (1000 
~ Finally, the mixed-mode cycle is a combination of strain 
emphasis heating and cooling transients and oxide emphasis 
dwell at maximum temperature. A modified Walker unified vis- 
coplastic constitutive model was used to determine the ceramic 
inelastic strain range in the Ref 6 program. The observed TBC 
spalling life data from cyclic burner rig tests were correlated 

2.9 Impact Damage 

Spalling of TBCs due to object damage can occur when ma- 
terial particles impinge on the ceramic layer (Ref 3). Impact 
damage assessment of  TBCs is done by observing engine-tested 
components. On a simplistic level, impact damage can be con- 
sidered as contact between a sphere (the particle) and a surface 
(Ref 16). Assuming that the particle momentum is wholly con- 
vened to normal force, contact normal and shear stresses intro- 
duced in the TBC are sufficient to cause spalling. 

3. Spalling Life Modeling Approach 

It is assumed that TBC spalling follows the weakest link the- 
ory (i.e., spalling occurs when the imposed stress exceeds the 
material strength) regardless of the TBC structure. Spalling oc- 
curs as a result of either monotonic (an overload/thermal rupture 
situation) or cyclic thermal loads. The typical failure mode is ce- 
ramic buckling due to compressive in-plane stresses at locations 
where the ceramic has become sufficiently disbonded by a near- 
interface crack. The life models focus on the material layer in 
which failure occurs. Specifically, the stress and strain at the 
TBC failure location are analytically determined and used to 
correlate TBC spalling life. Empirical TBC spalling life models 
are developed based on a combination of failure observations, 
TBC spalling life data, and stress analyses. 
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within about a __3x life scatter band, which is considered inade- 
quate for TBC-coated component design application. 

Of all the failure mechanisms, the stress introduced by inter- 
face roughness is considered the dominant mechanism that con- 
trols plasma-sprayed TBC delamination crack initiation. 
Detailed micrographic data (Ref 6) show that delamination 
cracks initiate at (or very near) the peaks of the rough interface, 
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Plasma-sprayed TBC spalling life correlation. Source: Ref6 

where the tensile stress normal to the interface is highest. Even 
in the absence of significant TGO buildup and thermal gradients 
(specimen furnace exposure in argon), TBC delamination 
cracks were observed emanating adjacent to the bond coat peaks 
(Ref 6). Also, flat plate and small-diameter rig specimen data in- 
dicate that the rough interface overwhelms any radius of curva- 
ture effect (Ref 6). Initial investigation of a wavy interface stress 
field is provided in Ref 4 and 9. In general, however, the stress 
field along the rough interface may change dramatically as the 
interface morphology evolves by diffusion processes (e.g., ce- 
ramic sintering and TGO formation). Understanding the effects 
of  such processes is necessary prior to making TBC life model 
modifications. 

4.2 EB-PVD TBC 

Life modeling ofEB-PVD TBC was based on a combination 
of metal oxidation (TGO formation) and TGO tensile strain (Ref 
7, 8). The life model followed the power-law relationship of Eq 
5 and 6. A correlation of burner rig data from the Ref 7 program 
is presented in Fig. 9. The correlation capability is within about 
a +2• life scatter band, which is considered acceptable for TBC- 
coated component design purposes. 

However, the notion that the TGO is in tension is suspect. A 
review of the TGO displacement calculation in the Ref 7 pro- 
gram indicates that the calculated TGO tensile strain is errone- 
ous. As mentioned previously, TGO formation is a volumetric 
expansion process that is constrained by the stiffness of the sub- 
strate. As a result, the TGO is initially in in-plane compression, 
which is contrary to the Ref 7 model. Cooling to ambient condi- 
tions increases the TGO compression due to thermal expansion 
mismatch strains. Thus, the TGO in-plane strain should be en- 
tirely compressive. 

Based on the preceding argument and a review of EB-PVD 
ceramic microstructures and spalling data from the Ref 7 pro- 

96--Volume 6(1) March 1997 Journal of Thermal Spray Technology 



10. 

o Oxide Emphasis 
o Strain Emphasis 
o Mixed Mode 

I 

0.1 
10 z 

Fig. 10 
range 

(~) TGO Formation Effect 
(~) Ceramic Sintering Effect 

| ! 

Observed Life - Cycles l0  s 
EB-PVD TBC spalling life correlation using TGO strain 

gram, the following conceptual EB-PVD TBC spalling life pre- 
diction model is proposed. Since the TGO is in compression re- 
gardless of the cycle type, the TGO mechanical strain range is 
used as a starting point. Thermally grown oxide strain range ver- 
sus life for the Ref7 data is presented in Fig. 10. Notice that TGO 
strain range and thickness (dependent on thermal exposure 
time) qualitatively correlate the strain emphasis and mixed- 
mode tests (i.e., the mixed-mode cycle equals the strain empha- 
sis cycle plus dwell at maximum temperature). However, for 
equivalent TGO thicknesses, the oxide emphasis tests spalled 
much sooner than the mixed-mode tests. The shorter oxide em- 
phasis lives can be explained by including the effects of EB- 
PVD ceramic structure sintering. Ceramic microstructures of 
the strain emphasis and mixed-mode tests are similar. Cycling to 
near-room temperature tended to break any bonds between ce- 
ramic columns caused by sintering. The oxide emphasis cycle 
minimum temperature was about 538 ~ (1000 ~ Sintering 
bonds were left relatively intact in the oxide emphasis cycle (Ref 
7). Thus, the ceramic columnar structure is somewhat destroyed 
and the residual compressive stress is greater (which makes 
TBC failure more likely) than either of the other two cycle types. 
The apparent effect of sintering on ceramic behavior is shown in 
Fig. 11. 

5. Conclusions 

Further experimental and analytical investigation of  plasma- 
sprayed and EB-PVD TBC is needed to characterize TBC de- 
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Effects of sintering on EB-PVD ceramic in-plane stress 

lamination crack initiation and growth mechanisms that lead to 
TBC spalling. Available rig data indicate that TBC spalling typi- 
cally occurs as a result of ceramic layer buckling at locations 
where the ceramic has disbonded from the metal. Existing TBC 
spalling life models (Ref 6-8) are inconsistent with the TBC 
buckling failure mode. Development of an accurate plasma- 
sprayed TBC spalling life model requires a more thorough un- 
derstanding of  the rough interface stress field. 

An improved EB-PVD spalling life model is suggested based 
on a combination of TGO formation and ceramic sintering. The 
proposed EB-PVD model qualitatively captures the observed 
spalling life trends and is consistent with the TBC buckling fail- 
ure mode. 
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