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Abstract

Long term durability of thermal barrier coatings is determined by the mech-
anisms responsible for the nucleation and growth of interfacial cracks between
coating and substrate. One such mechanism is the progressive roughening or
“rumpling” of the bond coat surface upon thermal cycling. A thermodynamic
analysis is presented in this paper based on a stress-driven surface diffusion
mechanism to explain the bond coat rumpling process. The surface chemi-
cal potential variation required for such a diffusion process is caused by the
changes in the surface energy and the elastic strain energy in the system. It
is found that the amplitude of surface fluctuations with a wavelength high-
er than a threshold value monotonically increases with thermal cycling, while
the amplitude for fluctuations with lower wavelength than the threshold value
monotonically decreases. A range of wavelengths is identified to have a high
monotonic amplitude increase accounting for the surface rumpling of the bond
coat upon thermal cycling. This range of wavelengths obtained from the model

agrees reasonably well with experimental observations.
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1 INTRODUCTION

Thermal barrier coatings (TBCs) are presently being used as protective heat resistant
coatings oh superalloy components in the hot sections of gas turbines [1-6]. The TBCs
have been shown to reduce the operating temperature of the superalloys by as much
as 180°C, improving the creep and oxidation life of the corresponding gas turbine
components. A survey in early 1990s estimated that the efficiency gains resulting
from the incorporation of the TBC technology could potentially save up to 40 million
gallons of fuel (approximately $1 billion) a year for a fleet of 1000 aircrafts [2]. In spite
of these advantages, the TBC technology has been incorporated in the gas turbine
industry rather slowly.

A TBC system (Fig. 1) consists of a ceramic topcoat and an intermediate (metal-
lic) bond coat (BC) deposited on a substrate superalloy at high temperatures. Two
common deposition processes are plasma spray and electron beam physical vapor de-
position (EB-PVD). The bond coat is made of either Platinum-aluminide or
NiCoCrAlY alloys, while the ceramic layer is almost always made of 8% yittria-
stabilized zirconia. A reaction product, thermally grown oxide (TGO), developes and
grows at the BC-ceramic interface at high temperatures. The thermal expansion co-
efficients of these constituents of a TBC system are different, giving rise to residual
stresses as the structure cools from the processing temperature.

One of the important problems limiting the use of TBCs is the long-term durability
of these coatings. It has been observed that after a certain amount of service life,
the coatings delaminate, exposing the underlying superalloy material. Since the local
temperature in the hot section of the gas turbine can exceed the melting temperature

of the superalloy, the delamination of TBCs can be very dangerous. The reasons



behind this sudden delamination are poorly understood.

While it is generally known that the final TBC failure occurs by buckling and
spalling of the ceramic layer, the origin of the required critical flaw is widely debated.
Some analyses in the past have pointed to the role of the TGO formed at the BC-
ceramic interface in inducing the fatal flaws [7,8]. Another mechanism, “surface
rumpling” of the BC, may also induce failure flaws [9-13]. Pennefather and Boone [9)]
showed that platinum aluminide and NiCoCrAlY coatings of different compositions
deposited on a superalloy substrate have a tendency to “rumple”, i.e., to become
wavy on thermal cycling. The thermal cycle employed in their experiment consisted
of heating the BC-substrate to about 1050 °C in 20-25 minutes, holding the specimens
at that temperature for about 45 minutes, and cooling to room temperature in about 5
minutes. The BC surfaceé developed waviness with characteristic wavelengths ranging
from 130-345 pum. Deb et al. [10] also found that the platinum modified as well as
unmodified aluminide BC specimens showed rumpling behavior with a wavelength
of about 100 pm upon thermal cycling. The thermal cycles in their experiments
consisted of a 60 minute exposure at 1100°C followed by a 10 minute air cooling prior
to reheating. In a recent paper, Tolpygo and Clarke [11] reported similar rumpling on
platinum-modified nickel aluminide coatings. Each thermal cycle in their experiment
consisted of heating and cooling of a superalloy substrate coated with platinum-
modified nickel aluminide BC from room temperature to 1200°C. The heating and
cooling times were about 20 minutes with a hold time of 1 hour at 1200°C. After
about 100 such cycles, the surface rumpled with a wavelength of 30-50 pm and an
amplitude of about 10-15 ym. On the other hand, the authors observed that when the
same system was subjected to isothermal oxidation (100 hours at 1000°C), no surface
rumpling occured. Fast heating and cooling rates (1050°C to 300°C temperature
change in about a minute) applied to BC-superalloy system along with mechanical
loading of the superalloy was also found to result in BC rumpling [12, 13] coupled

with other thermal shock effects such as TGO formation and subsequent spalling or



“scalloping” [12]. In presence of the ceramic coating, the roughening caused by cyclic
oxidation can give rise to cracks at the BC-ceramic interface. These cracks can then
coalesce to form a crack sufficiently large to initiate delamination failure.

The present work is inspired by these observations and attempts to explain the
observed surface roughening behavior in the BC materials upon thermal cycling.
Here, we employ the method used to study surface roughening in semiconductor thin
films [14]. These films, while being processed at 600-700°C, develop a characteristic
roughness having a wavelength of hundreds of nanometers on their free surfaces.
This phenomenon was explained successfully by Freund and coworkers [15-18] by
assuming that the observed surface morphology is a result of stress driven surface
diffusion [19-23] of the thin film material along the free surface. In the present work,

a similar approach is taken to study the phenomenon of BC surface rumpling.

2 GOVERNING EQUATIONS

Similar to the studies on thin films [15-18], we consider the stress driven surface
diffusion as the dominant mechanism during the BC surface morphology evolution.
Further, the driving force for this diffusion is the thermal mismatch stress in the
coating. The diffusion at the BC-substrate interface is neglected since it is seen
to maintain its shape during roughening of the free surface of the coating [9-13].
The thermodynamic quantity that drives the shape change of the BC surface is the
chemical potential. The chemical potential, under certain conditions, changes only
as a result of the change in the surface energy and the elastic strain energy of the
system. We can define the chemical potential, , on the free surface of the cdating,
as [15,17],

x = (U — sU;)82 (1)

where « is the BC surface curvature, Q is the BC atomic volume, U is the elastic

strain energy per unit volume at the BC surface, and Uy is the BC surface energy



' per unit area. Here U, is taken to be a constant, v. The variation in the chemical
potential on the free surface of the coating drives the diffusion of the surface atoms.
The number of atoms passing a point on the surface per unit time per unit thickness,
J, is proportional to the chemical potential gradiant along the surface, and is given
by the Nernst-Einstein relation [24] as,

_D.Cy0x

J= kT 0Os (2)

where D; is the surface diffusivity, C is the number of atoms per unit area, k is the
Boltzman’s constant, and T is the absolute temperature. Note that D, is a function

of temperature [24] given by,
D, = Dy exp(—q/kT) 3)

where ¢ is the activation energy. Conservation of mass at each point along the surface
of the coating results in a velocity component of the local atoms normal to the surface,

Va, (Fig. 2) given by,
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We now apply Eq.(4) to the problem of roughening of the coating on the superalloy.
As stated before, the diffusion along the coating-substrate interface is assumed to be
negligible as compared to the free surface diffusion. Thus, the coating can be modeled
as a semi-infinite domain in the y direction, with thermal mismatch stress or acting
within the plane (Fig. 3). Note that o changes with temperature, hence is a function

of time in the present case of thermal cycling. This variation is given by,
or = oy (I, - T) (5)

where oy, is a constant proportional to the themal expansion mismatch between the
BC and the substrate superalloy, and 7, is the coating processing temperature. The

initial bond coat surface profile is not perfectly flat. This profile can be represented



by a series of sinusoidal components such that,
2rx
y=h(z,t) = an(t) cos (——) (6)
n )\77.
where ), is the wavelength of the n-th sinusoidal component and a,(t) is the time
dependent amplitude corresponding to A,. It is assumed that the magnitude of each

a,(t) is infinitesimal, hence,

o & dh(z) o
68 55, dz <<1 and k= @ (7)
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Substituting Eqgs.(6) and (7) into Eq.(4), we get,

oh D,C,Q? §? ?h '
500 = 2o [0 - 1 e ®

To determine U(z,t) on the coating surface, we need to find the variation of the
stress o on the surface due to the slight sinusoidal fluctuations of the surface. This

is derived by Gao [25], as,

Uz, t) = (1—_1—15)—?& [1 — 8 zﬂ:&;\i—t) cos (%)] (9)

where v and G are the Poisson’s ratio and the shear modulus of the coating material,
respectively. Substituting Egs.(3), (6) and (9) into Eq.(8), and noting the linear inde-
pendence of each sinusoidal component in Eq.(6), we obtain an ordinary differential

equation governing the rumpling process of the bond coat surface,
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3 CASE STUDY

We consider particular cases of thermal cycling history applied to the BC-substrate

syStem, and solve Eq.(10) to get the time evolution of the amplitude for a given
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wavelength. In gas turbines, the thermal history subjected to the TBC systems
can vary widely according to the mode of application of the turbine. Systems used
for propulsion and power peaking undergo multiple thermal cycles, while those used
for power generation are subjected to very low frequency cycling [8]. Most of the
BC rumpling experimental observations [9-13] are done with specimens subjected
to multiple thermal cycles with linear heating and cooling times of the same order
as the intermediate dwell times. In the present work, we consider two basic modes
of thermal cycling history, triangular and sinusoidal. Rumpling behaviors for other

complicated thermal histories can be deduced from these results.

3.1 Triangular temperature history

We consider the BC-substrate system experiencing triangular thermal cycles as shown
in Fig.(4). The variation of the temperature in the film with time for the i-th cycle
is,
T Tmin +2 (Tmag — Tmin) (T —3+1)  i—1<7<i-1/2 (1)
Tonin + 2 (Trnaz — Tonin) (6 — 7) i—-1/2<7<i
where Tpnin, and Tip,, are the minimum and the maximum temperatures, respectively,
and T = t/t., where ¢, is the time per cycle.

Due to periodicity of the problem, we can analyze the evolution of the surface
fluctuation amplitude for one cycle without loss of generality. It will be seen that
surface evolution for further cycles can be deduced from the same result. To obtain
a solution of Eq.(10), we take Tpn; = 300K, Tinee = 1273K, and the processing
temperature 7, = 1500K. The BC properties are assumed to be, v = 1/3, v = 1
J/m?%, G = 100 GPa and q/(kT,) = 2/3. Furthermore, at T' = T,,;», or reaches a
reference stress o, taken to be 100 MPa. Thus, from Eq.(5), oy, = 0.083 MPa/K.

Solving Eq.(10) using numerical integration with these values, one has,

att! tefob -3 N
l n. = ¢ 2 An M —_ = 12
n(az) T, 7 G3 ( /\n> (42
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where @, is the amplitude of the wave with wavelength ), after i-th thermal cy-
cle, Ay = A\o2 /(¥G) is the dimensionless wavelength, and M and N are numerical
numbers independent of A, and t., determined only by the shape of the temperature

| history and BC properties. For the present case, M = 1.918x10* and NV = 3.074x 10°.
Thus, the amplitude for given thermal cycle and BC properties will change as a func-
tion of cycle time, wavelength, diffusivity, surface concentration of atomic sites, and
the atomic volume. An interesting result from Eq.(12) is that the ratio of the am-
plitude at the end of a thermal cycle to that at the beginning is independent of the
prior temperature history, and depends only on the total duration (¢.) and the shape
of temperature variation of the current thermal cycle.

The amplitude ratio is plotted in Fig. 5 as a function of the wavelength, \,.
The plot shows a wide variation in the rumpling behavior for initial fluctuations of
different wavelength. For components with wavelengths less than a critical value,
Ae=N~vG/Mo?, the amplitude is reduced with each cycle. This value is about 156
pm in the present case. It can be seen that in this region (A, < A ), the ratio of
amplitude over each cycle decreases rapidly as the wavelength of waviness decreases.
On the other hand, all components with wavelength greater than ). increase in
amplitude at varying relative rates per thermal cycle.

The result also shows that the maximum amplitude change occurs at a wavelength,
/\mam=4N"yG/3M o2, of about 200 um. The components with wavelengths close to
this peak point undergo rapid amplitude growth. The growth of these wavelengths
accounts for the observed rumpling of the BC surface as the number of cycles increases.
These wavelength values are of the same order of magnitude as that observed in
experiments [9-13]. lThe rate of amplitude increase falls rapidly beyond )\m;gc and
becomes negligible for components with larger Wavelengths.

Fig. 6 shows the amplitude variation with the number of thermal cycles for com-
ponents with different wavelengths. The initial amplitude for all the components is

taken to be unity. It can again be seen from the plot that the wave amplitude below



Aer die down fast while those above increase with varying relative rates.

3.2 Sinusoidal temperature history

We now consider a case of sinusoidal temperature history shown in Fig. 7. The

temperature variation for the i-th thermal cycle is given by,
T = Toin — (Tmaz — Trin) sinfn(r —1)] i—-1<7<1 (13)

Again, due to periodicity of the problem, one thermal cycle is analyzed for the evo-
lution of a(t). The surface evolution for further cycles can be deduced from the same
result. For identical BC properties and the temperature range as before, the solution
to Eq.(10) has the same form as Eq.(12) with M = 1.346 x 10* and N = 3.137 x 10°.
A plot of amplitude change as a function of wavelength in Fig. 8 shows the same
trend as that for the triangular temperature history. The A, and the \,,,; for this

case are 230 ym and 310 pm, respectively.

4 DISCUSSION

The results presented here demonstrate that the analysis of BC surface rumpling
based on stress driven surface diffusion provides a plausible explanation of the ex-
perimental observations reported in literature [9-13]. According to the analysis, the
initial surface waviness components with wavelength close to Apmaz (about 150- 400
pm) grow in amplitude at high relative rates upon thermal cycling. These wavelength
components will eventually dominate the surface features as the number of thermal
cycles increases and account for the observed nearly periodic rumpling behavior. This
thermodynamic model also reveals a competition between the surface energy and the
elastic strain energy in the system. The critical value of the wavelength, )., corre-
sponds to a balance between these two energies. For the surface disturbances with

wavelengths other than )., a change in the wave amplitude is energetically favored.



For example, in the case of wavelengths lower than A, the wave amplitude mono-
tonically decreases with thermal cycles.

Though the present analysis is for the BC-substrate system without the ceramic
topcoat, it has strong implications in the TBC failure phenomenon. In presence of the
TBC layer, a restraining force wiil act on the BC top surface. As the BC rumples, the
interface between the BC and the top ceramic coating will have a tendency to separate,
causing cracking. This crack initiation process has been observed in TBC failure [8].
Once initiated, further rumpling will cause the crack to grow and eventually coalesce
with adjacent ones. This is a likely mechanism by which cracks large enough to cause
buckling of the ceramic topcoat can be formed on thermal cycling. Note that this
model is universal for TBC failure, valid for both plasma sprayed and EB-PVD TBC
systems.

The present model is applicable for tensile as well as compressive BC stresses.
Mumm et al. [26] have reported that the BC is under high tensile stress at room
temperature. Note that in the analysis the metallic BC layer, being thin compared to
the superalloy substrate, is assumed to have negligible temperature gradient across
the thickness during thermal cycling. In the case of strong temperature gradient
through thickness of BC, the applicability of thermodynamics equation (1) must be
re-examined.

For isothermal temperature history (T},0; = Tnin), We obtain a result similar to
that by Freund et al. [15] with A\, = 27G7y/[(1 — v)oZ]. The thermal expansion
mismatch stress in the BC at high temperature is low, resulting in a high critical
wavelength. For example, in case of o7 = 10MPa, the critical wavelength is several
millimeters. For long thermal exposures, the stresses in the TBC systems are foﬁnd to
relax [27-30]. This would result in a very long éritical wavelength, making it impos-
sible to observe the rumpling process. This could partly explain the lack of rumpling
observed during isothermal oxidation of BC-substrate system [11, 12]. Note that the

long range waviness would not have harmful effect in TBC systems. Thus, rumpling
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will not be a degradation mechanism for isothermal (low frequency) exposures of the
turbine blades.

The order of magnitude agreement with experiments obtained in the above anal-
ysis is quite striking, in view of the assumptions and the general uncertainty about
the actual values of the parameters used. First, the BC is modeled as a homogeneous
material, i. e., all the parameter values are taken to be identical everywhere. In real-
ity, the BC has several phases across its thickness that evolve during thermal cycling.
Secondly, the model does not take into account the effect of the oxide layer on the BC
in the rumpling process. This oxide layer is found to locally penetrate into the BC in
presence of a ceramic topcoat [26]. Previously, He et al. [31] attributed the rumpling
process to ratcheting of the oxide layer on the BC, while Tolpygo and Clarke {11]
speculated that a BC Voiume depletion process is responsible for rumpling. The for-
mer explanation indicates that rumplng is a generic process in metal-oxide systems,
while the latter is not likely to lead to the developement of a characteristic rum-
pling wavelength. The present model based on surface diffusion, however, predicts
this characteristic rumpling wavelength in reasonable agreement with experimental
observations [9-13].

The present model has several assumptions and approximations. The model is
applicable for the roughening process in one direction, while in experiments, the
waviness occurs in two dimensions. It is also worthwhile to mention the uncertainty
involved in estimating D, and C,. According to Asaro and Tiller [32], Dy can vary by
as much as a factor of 10° depanding on the environmental conditions. The activation
energy, ¢, is usually a fraction of the chemical binding energy and is taken to be
a fraction of an electron-Volt for surface atoms in the present case. The absolute
value of the critical wavelength changes with this activation energy. For example,
if g is increased by a factor of 5, the critical wavelength increases by a factor of 6
for sinusoidal temperature history. The authors are unaware of any experimental

measurements of these BC parameters in literature. These approximations, however,
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do not change the order of magnitude agreement of this model with the BC rumpling
experiments [9-13].

The primary objective of the present contribution is to galn an insight into the
stress driven surface diffusion as a possible mechanism of the BC surface rumpling
in the BC-superalloy systems upon thermal cycling. The model predictions show
reasonable agreement with the experimental observations [9-13]. The analysis es-
tablishes important parameters governing the rumpling process. These parameters
can be tailored to reduce the rumpling process and avoid its harmful effects on crack

initiation and growth in TBCs.

5 CONCLUSIONS

The present analysis establishes the stress driven surface diffusion as a plausible mech-
anism of the bond coat rumpling observed in thermal barrier coatings upon thermal
cycling. This analysis predicts continuous evolution of the bond coat surface with
thermal cycling. Upon each cycle, it is shown that the amplitude of the surface fluc-
tuations with wavelength higher than a critical value monotonically increases, while
the amplitude of fluctuations with wavelength lower than the critical value mono-
tonically decreases. The analysis also establishes a range of wavelengths that have
a relatively high monotonic amplitude increase. This range of wavelengths accounts
for the surface rumpling of the bond coat upon thermal cycling and is shown to agree

with experimental observations reported in literature.
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