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MODELING EFFECTS OF MATERIAL PROPERTIES AND THREE-DIMENSIONAL
SURFACE ROUGHNESS ON THERMAL BARRIER COATINGS

Michael L. Glynn, K.T. Ramesh, P.K. Wright” and K.J. Hemker
Johns Hopkins University, Mechanical Engineering, Baltimore, MD 21218
*GE-Aircraft Engines, Materials and Process Engineering Department, Cincinnati, OH 45215

ABSTRACT

Thermal barrier coatings (TBCs) are known to spall as a result of the residual stresses that
develop during thermal cycling. TBC’s are multi-layered coatings comprised of a metallic bond
coat, thermally grown oxide and the ceramic top coat, all on top of a Ni-base superalloy
substrate. The development of residual stresses is related to the generation of thermal, elastic
and plastic strains in each of the layers. The focus of the current study is the development of a
finite element analysis (FEA) that will model the development of residual stresses in these
layers. Both interfacial roughness and material parameters (e.g.,modulus of elasticity, coefficient
of thermal expansion and stress relaxation of the bond coat) play a significant role in the
development of residual stresses. The FEA developed in this work incorporates both of these
effects and will be used to study the consequence of interface roughness, as measured in SEM
micrographs, and material properties, that are being measured in a parallel project, on the
development of these stresses. In this paper, the effect of an idealized three-dimensional surface
roughness is compared to residual stresses resulting from a grooved surface formed by revolving
a sinusoidal wave about an axis of symmetry. It is shown that cylindrical and flat button models
give similar results, while the 3-D model results in stresses that are significantly larger than the
stresses predicted in 2-D.

INTRODUCTION

Thermal barrier coating (TBC) systems are comprised of four basic layers. The superalloy
substrate, the bond coat, the oxide layer and the top coat all form the TBC system. Because of
the interaction between these layers, the mechanical properties of one layer can effect the
development of stresses in another layer. For this reason, a finite element model was developed
to track the stresses that arise in each layer as a result of thermal cycling. Early TBC
development equated durability of the TBC system to bond coat oxidation resistance [1].
However, the mechanical properties of the bond coat can also influence TBC life; a strong
correlation between calculated out-of-plane tensile residual stresses in the top coat and TBC life
has been presented [2]. In this light, it appears important to determine what contributes to the
development of these residual stresses.

If all layers remain elastic, no residual stresses will arise. Consequently, at least one layer
must behave inelastically in order for residual stresses to develop. Additionally, if all interfaces
remain straight, no significant out-of-plane residual stresses will develop. Therefore, it is the
combination of an interface roughness and plasticity that leads to significant out-of-plane
residual stresses. Observations of the oxide layers in thermally cycled TBC’s reveal clear
evidence for interface roughening, see for example [3]. Additionally, stress relaxation of the
bond coat layer has been measured for both plasma sprayed MCrAlY bond coats [4] and
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Figure 1. Input parameters
for FEM calculations.
(a) Temperature history
for a typical burner rig
thermal cycle.
(b) Relaxation of the bond
coat as a function of
temperature.

diffusion aluminide bond coats [5]. The three FEM models presented in this paper were
developed to explore the effects of geometry and interface roughness on the development of
residual stresses in the TBC system. A long term goal of this project is the relation of these
stresses to failure mechanisms and the prediction of TBC lifetimes.

MODELING

For each of the three models considered for this paper, the loading and properties were the
same. Typical of a burner rig thermal cycle, the specimen was heated, held at temperature, then
cooled (Fig. 1a) without any other applied loading. All of the layers in the TBC system were
modeled with temperature dependent elastic properties taken from [5], and typical values are
summarized in Table 1. The bond coat layer was allowed to relax at high temperatures (Fig. 1b)
using the simple relationship, strain rate = A(stress)" that was taken from [4]. Values for A and n
are summarized in Table 2 as a function of temperature. The units of strain rate are s”! while the
units of stress are Pa. All models were run using the ABAQUS finite element code.

In addition, the roughness of the oxide layer was characterized both before and after furnace
cycling based on scanning electron microscope (SEM) images (Fig. 2). As can be seen in the
figures, both the wavelength and the amplitude of the oxide roughness increase and the oxide

Table 1. Elastic Properties

Table 2. Bond Coat Stress Relaxation

E v C.TE. Temp A N

(GPa) 10° (°Ch) (°C)
Substrate 205 0.27 15 0 7.40E-70 32
Bond Coat 205 0.27 16 200 1.04E-47 3.2
Oxide 375 0.30 8.5 400 1.02E-38 32
Top Coat 30 0.30 10 600 7.59E-34 3.2
700 3.68E-32 3.2
800 8.64E-31 3.2
900 1.18E-29 3.2
1000 1.08E-28 3.2
1100 7.10E-28 3.2
1150 1.65E-27 3.2
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Figure 2. SEM images of the
oxide layer (a) before and
(b) after thermal cycling
taken at the same
magnification. Notice the
thickening of the oxide
layer as well as the
increase of both the
wavelength and amplitude.

(@ (b)

layer thickens after thermal cycling. A crack can also be seen in the top coat layer after furnace
cycling. Furthermore, the microstructure of the bond coat coarsens as a result of thermal cycling.
Because of the depletion of aluminum from the bond coat layer to the oxide layer, in addition to
the microscopic coarsening of the bond coat layer, it is likely that the mechanical properties of
this layer change over the lifetime of the TBC system [5]. For simplicity, the mechanical
properties of the bond coat layer were not varied as a function of TBC life, and the roughness
was modeled as a sinusoidal wave with a wavelength of 25 pm and an amplitude of 5 ym.

Two different variables were considered in this study using a total of three different models.
First, two separate geometries were analyzed because both cylindrical specimens and button
specimens are used to assess TBC performance, see for example [5,7]. A cylindrical model with

“a two-dimensional interface roughness was compared to a button model with a two-dimensional
interface roughness to examine the effects of geometry on stress development (Fig. 3). Second,

(a) Cylindrical Specimen Periodic Repeating Applying
Roughness Unit Cell Symmetry

2D Interface Roughness

=S

3.2 mm
(b) Button Specimen
Figure 3. (a) A cylindrical Figure 4. Two different interface roughnesses, a
and (b) a button specimen 2D and a 3D, are considered in this study.
are considered in this Shown in the figure is the periodic roughness
study. Notice that the out- over 5 periods, one repeating unit cell and finally
of-plane dimension is the the geometry analyzed after applying boundary
same in each case. conditions for each case.
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Figure 5. Out-of-plane
dimensions for the TBC
122 um  system. Note that only a
3um  small section of the
substrate is pictured.
Taken from P.K. Wright,
3200 pm  Mat. Sci. Eng. A245, 1998

Top Coat —»
Oxide —>
Bond Coat —»
Substrate —p

>

60 pm

two different interface roughnesses were analyzed (Fig. 4). The same button model with a two-
dimensional interface roughness was compared to a button model with a three-dimensional
interface roughness to examine the effects of interface roughness on stress development. The
out-of-plane dimensions for each model are the same, and they were determined from
experimental observations. For each case, the 3.2 mm substrate was coated with a 65 um bond
coat, followed by a 3 um oxide layer and finally capped with a 122 pum top coat; these
dimensions were taken from the experimental observations shown in Fig. 5.

The cylindrical model is shown in Fig. 6(a). Due to the radial symmetry of the problem,
axisymmetry was used to produce a two-dimensional model. Furthermore, a periodic boundary
condition was used in the in-plane, or axial, direction. Therefore, a representative, periodic
length of 25 pum, corresponding to the wavelength of the interface roughness, was used. The
radial direction is the out-of-plane direction, and its dimensions were previously discussed. The
resulting model is a solid cylinder with a grooved interface formed by revolving a sinusoidal
wave about an axis of symmetry. As discussed earlier, the sinusoidal wave has a wavelength of
25 um and an amplitude of Spm.

The button model with a two-dimensional interface roughness is given in Fig. 6(b). As with
the cylindrical model, periodic boundary conditions were used in the in-plane direction. But,
unlike the cylindrical model, the in-plane dimensions for the button model are the x and y
directions. The in-plane dimensions are further reduced using symmetry. Therefore, only
12.5 um are modeled in each direction. For the case of the two-dimensional interface roughness,
only the y direction has a sinusoidal wave. The out-of-plane dimensions are the same as those in
the cylindrical model. The resulting model is a unit cell with a grooved interface. Again, the

the effects of geometry and surface
roughness on (a) a cylinder with 2D
roughness, (b) a button with 2D
roughness and (c) a button with 3D
roughness. The top coat has been
separated and rotated so the surface
roughness can be seen. Note that the
out-of-plane direction for the cylinder
is the r direction, while for the button
it is the z direction.

(2 (b . © l Figure 6. FEM models used to evaluate




(© Figure 7. Out-of-plane residual

' stresses developed in the top coat
after a thermal cycle in (a) a cylinder
with 2D roughness, (b) a button with
2D roughness and (c) a button with
3D roughness.

- 479 MPa
- 192 MPa

95 MPa
454 MPa

sinusoidal wave has a wavelength of 25 pm and an amplitude of 5 um, although only half of the
wavelength is modeled.

The last model discussed is the button model with a three-dimensional interface roughness
(Fig. 6¢). This model is very similar to the previously discussed model, except for the interface
roughness. Both the x and y directions have a sinusoidal wave in this case. The resulting model
is a unit cell with an idealized three-dimensional interface roughness. As before, the sinusoidal
wave has a wavelength of 25 pm and an amplitude of 5 tm, although only half of the
wavelength is modeled.

RESULTS AND DISCUSSION
Significant residual stresses were found to develop in the top coat after the thermal cycle
described in figure 1. The maximum residual stresses in the top coat for the three different

models are listed in Table 3, and the out-of-plane stress distribution is illustrated in Fig. 7.

Table 3. Top Coat Residual Stresses

Maximum Cylindrical Model Button Model Button Model
Residual Stresses 2D Interface 2D Interface 3D Interface
Out-Of-Plane 250 249 454
Tensile (MPa)
Out-Of-Plane -392 -396 -479
Compressive (MPa)
In-Plane 53 51 94
Tensile (MPa)
In-Plane -134 -125 -199
Compressive (MPa)

As previously reported, the residual stresses were found to arise as a result of the stress
relaxation in the bond coat, while the out-of-plane residual stresses were related to the interface
roughness. As illustrated in the above table, there is no significant change in residual stresses
between the cylindrical model with a 2D interface roughness and the button model with a 2D
interface roughness. However, the table shows an appreciable difference when comparing the
2D interface roughness to the 3D interface roughness for the button models. The tensile out-of-
plane residual stress nearly doubles when comparing the 2D interface roughness to the 3D
interface roughness. Because the out-of-plane tensile stress and in-plane compressive stress are
related to failure in the TBC systems [2][8], it is important to consider the full three-dimensional
interface roughness.

M4.6.5




CONCLUSIONS

Significant residual stresses develop upon thermal cycling and are dependent on both bond
coat properties and interface roughness. It is evident from experimental observations that
thermal cycling also causes an increase in both the wavelength and amplitude of the interface
roughness, thickening of the oxide layer, and coarsening of the microstructure in the bond coat.
There is no significant difference in the residual stresses that are predicted using a cylindrical
model with a 2D interface and a button model with a 2D interface. However, care must be taken
when modeling the interface roughness. The out-of-plane residual stresses were found to be
nearly double when a 3D interface roughness was modeled, as compared to a 2D interface
roughness.

Because the mechanical properties of the bond coat layer and the roughness of the oxide
layer play such an important role in the development of stresses, it is essential to characterize
these layers. And, due to the dynamic nature of the TBC system, both of these layers need to be
characterized as a function of TBC life. The FEA models developed in the present study are
being coupled with microsample measurements of these material properties [5] and will be used
to track the development of residual stresses in the various TBC layers.
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Phase Identification in Heated Thermal Barrier Coatings using Microbeam X-ray
Diffraction Combined with Quantitative X-ray Mapping

Jennifer R. Verkouteren, Ryna B. Marinenko, David S. Bright
Chemical Science and Technology Laboratory, National Institute of Standards and
Technology, Gaithersburg, MD 20899, U.S.A.

ABSTRACT

Phase evolution in a yttria-partially-stabilized zirconia (Y-PSZ) thermal barrier
coating (TBC) was studied by using quantitative electron probe x-ray mapping combined
with microbeam x-ray diffraction. The as-sprayed coating contains a single ¢” phase with
the composition of the feedstock material. After annealing at 1400 °C for 1 hour, the
yttria content of the ¢” phase increases slightly to compensate for the formation of 0.06
mass fraction of a ¢ phase containing 0.01 mole fraction YO;s. These results are in
contrast to those determined by bulk x-ray and neutron diffraction, and therefore
highlight the need for multiple techniques of phase analysis in Y-PSZ.

INTRODUCTION

Phase evolution during heating of Y-PSZ can have a significant effect on the stability
of TBCs. Phase equilibria studies predict that, at elevated temperatures, yttria will
diffuse from the desired metastable ¢” (tetragonal) phase to form a low-yttria ¢ phase and a
high-yttria ¢ (cubic) phase [1, 2]. When the yttria content of the ¢ phase reaches
approximately 0.03 mole fraction YO, 5 there is a martensitic transformation to an m
(monoclinic) phase, with an increase in unit-cell volume. Experimental studies of the
phase evolution in Y-PSZ TBCs have generally confirmed these predictions, both in
plasma-sprayed coatings [3], and more recently, in coatings produced by electron-beam
physical vapor deposition (EB-PVD) [4]. These studies used x-ray or neutron diffraction
for phase analysis, with the yttria content of the phases determined on the basis of lattice
parameters. The diffraction techniques are challenging due to overlap of the t and ¢
phase diffraction patterns, with the result that most researchers are now utilizing the most
advanced analytical procedures available, including Rietveld refinement [5] and whole-
pattern fitting [6]. Although these procedures are superior to standard peak profiling
techniques for the resolution of overlapping diffraction patterns, assumptions must be
made that can affect both the qualitative and quantitative results. In particular, the
presence of the ¢ phase in a mixture of ¢ and ¢ phases can be missed [7], and selection of
the incorrect phase assemblage can affect the measurement of lattice parameters.

In the present study, an independent test of the accuracy of diffraction techniques was
accomplished by combining quantitative electron probe x-ray mapping with microbeam
x-ray diffraction. The combination of the two techniques allows for the direct
measurement of phase composition, and has the potential to directly tie a crystallographic
phase to a specific composition. The results for phase percentages and compositions were
compared to previously published neutron diffraction results [8] and to x-ray diffraction
results.

MMB8.4.1




EXPERIMENTAL DETAILS

Deposits of 5 mm thick plasma-sprayed TBC’s were prepared using a nominal 0.08
mass fraction Y,03 (0.087 mole fraction YO, s) feedstock powder as described in [8]. A
portion of the as-sprayed material was annealed at 1400 °C for 1 hour. The two samples
(as-sprayed and annealed) were cut in cross-section, polished, and carbon-coated.
Wavelength-dispersive (WDS) electron microprobe quantitative x-ray maps were
collected according to the procedures described in a separate publication in this volume
[9]. A Rigaku' microdiffractometer with 3-axis rotation mounted on an 18 kW rotating
anode was used for the microbeam x-ray diffraction experiments. A 10 um wide Cu K
beam was produced by means of a total internal reflection collimator. The position of the
beam on the sample surface coincides with the geometric center of the diffractometer
circle and is marked by reference to a microscope ocular cross-hair. The areas of interest
from the compositional maps were analyzed in the microdiffractometer by first locating
the contamination squares produced by the electron beam, and then by using physical
features evident in the maps. Data were collected using a curved position-sensitive
detector (PSD) calibrated to a standard Si powder (SRM 640b). The variability in
intensity within each Debye ring was tested by using a phosphor imaging plate placed
over the PSD.

Bulk x-ray diffraction was performed on the polished specimens using a Philips 1830
diffractometer with Cu K, radiation generated at 40 kV and 55 mA. Appropriate
divergence slits and masks were used to restrict the beam footprint to the sample surface
for all measured angles. The data were collected from 5°-140° 20 at a 0.02° 20 step with
a2 s dwell time. Data were refined using the whole pattern fitting procedure in Powder
Cell [10] and the crystallographic structural parameters of ¢ and ¢ (Zr1.«Yx)O2.x2 from
[11]. Neutron diffraction with Rietveld refinement was performed independently by a
separate group at NIST prior to this study [8].

DISCUSSION

The as-sprayed sample is compositionally homogeneous, with an average composition
determined from the x-ray maps of approximately 0.087 mole fraction YO s, equivalent
to the feedstock composition. [Uncertainties in the compositional results are discussed in
[9].] The annealed sample is not homogeneous, as shown in figure 1 by the presence of
micrometer-sized areas of low yttria concentration (0.01 mole fraction YO, s) and high
yttria concentration (0.15 mole fraction YO, s). The low yttria areas occupy a relative
area of 6 + 2 % in the compositional maps, based on a total sampled area of 0.0175 mm’.
The high yttria areas represent less than 1 % by area, and the remaining material has an
average value of 0.09 mole fraction YO, 5. The area percentages can be considered as

! Certain commercial equipment, instruments, or materials are identified to specify adequately the
experimental procedure. Such identification does not imply recommendation or endorsement by the
National Institute of Standards and Technology, nor does it imply that the materials or equipment identified
are necessarily the best available for the purpose.
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roughly equivalent to mass percentages due to the similarity in density of the phases and
the lack of any obvious preferred orientation.

The bulk x-ray diffraction results for the as-sprayed sample are consistent with the
compositional results, indicating the presence of a single ¢* phase with = 0.09 mole
fraction YO 5. The neutron diffraction results are in general agreement, although a c
phase is also reported to be present at a concentration of 0.06 + 0.03 mass fraction. Both
x-ray and neutron diffraction find the m phase to be at or below 0.01 mass fraction.

e

0.15 mole 0.09 mole 0.01 mole
fraction YO, 5 fraction YO, 5 fraction YO, 5

Figure 1. Three juxtaposed quantitative x-ray maps of annealed sample with gray level indicating yttria
concentration from low (dark gray) to high (white). Cracks and voids are shown in black.

In contrast to the as-sprayed sample, the bulk x-ray and neutron diffraction results for
the annealed sample do not agree with the compositional data. The data for the annealed
sample from both diffraction techniques indicate that the original ¢ phase splits into a ¢
phase with a higher yttria content (= 0.10 mole fraction YO, s) and a ¢ phase with a lower
yttria content (= 0.05 mole fraction YO,s). The results are shown in figure 2, where the

t
(220)

W annealed

T as sprayed

T

745 750

°20

Figure 2. Bulk x-ray diffraction traces for annealed and as-sprayed Y-PSZ TBC. The patterns are
consistent with an analysis of single phase t’ for the as-sprayed sample, and 2-phase t and c for the
annealed sample.
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x-ray diffraction trace for the annealed sample has a saddle in the region attributed to the
¢ (400) reflection, and an increased separation of the peaks attributed to the two ¢
reflections, consistent with a lower yttria concentration. The proportions of the two new
phases are 0.58 + .03 mass fraction ¢, 0.41 £ .03 mass fraction ¢ [8] for neutron
diffraction and 0.69 * .08 mass fraction ¢, 0.31 * .06 mass fraction ¢ for x-ray diffraction.
[The m phase is at or below 0.01 mass fraction.]

The compositional data indicate that, after annealing, more than 90% of the original ¢’
phase remains largely unchanged, except for a slight increase in yttria (from 0.087 to 0.09
mole fraction YO, s). The compositional data also indicate the presence of a relatively
low concentration (0.06 mass fraction) of a second phase containing 0.01 mole fraction
YO, 5, which under equilibrium conditions should be an m phase, and a trace amount of a
phase containing 0.15 mole fraction YO s, which should be a ¢ phase. The identity of
the phase containing 0.01 mole fraction YO, s was determined by using microbeam x-ray
diffraction to probe the areas shown in figure 1. The critical microdiffraction data is
given in figure 3, and the evidence strongly suggests that it is a ¢ phase with lattice
parameters consistent with a lower yttria content than the dominant ¢” phase. The phase
is not monoclinic, as indicated by the absence of the two (111) m peaks near 30° 26. The
sampling depth for compositional mapping is approximately 1 um, compared with at
least 16 um for microdiffraction; therefore the microdiffraction results may not be
exlusive to the low yttria phase.

2000
m
§ 1500- |
Q ‘
o ,
= |
2 1000+
@
g !
i A
500+
W“/ i wﬂww‘\”“
0 P gttt L
] 80-2187> Zr0.935Y0.06501.968 - Zirconium Yttrium Oxide |
L I i |

! I | 86-1450> Baddeleylte Zr02*
- I L1 ! N L1 I
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TR e NN S S By S B B S e S S S S e S B L T

20 30 40 50 60 70

Figure 3. Microdiffraction results for 0.01 mole fraction YO, s area in annealed sample showing the

absence of any m phase peaks on either side of the 30°26 t peak. Stick patterns for t (top) and m (bottom)
phases from International Centre for Diffraction Data (ICDD) Powder Diffraction File (PDF) 2000.

Although we are sampling what appears to be a single compositional phase in the 0.09
mole fraction YO, s areas, it is possible that each pixel is an average of multiple phases
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with different compositions. The sampling volume at each pixel is approximated by a 1
um diameter sphere, and could contain multiple phases if the crystallites are sufficiently
small. This possibility was investigated by determining the crystallite size in the 0.09
mole fraction YO, 5 areas. Electron backscatter diffraction (EBSD) patterns were
collected from these areas using a Hitachi S-4500 field emission SEM equipped with a
NORAN 32 bit Phase ID System. The EBSD patterns collected from these areas can be
identified as either t, t’, or ¢ (Zr;xYx)O2.x» (figure 4). Based on knowledge of the spatial
resolution of EBSD [12], the crystallite size is determined to be between 100 and 500 nm.
A calculation of the total number of spherical crystallites within this range of diameters at
each pixel gives a number between 1000 and 10. With such a relatively small number of
crystallites at each pixel, it is unlikely that the compositional data in the 0.09 mole
fraction YO, s areas represent an average of a ¢ phase with 0.05 mole fraction YO s and a
c phase with 0.10 mole fraction YO, 5. In addition, the crystallite size in the 0.09 mole
fraction YO, s areas of the annealed sample appears comparable to the crystallite size in
the as-sprayed sample, based on EBSD analysis, which would suggest that there was not
considerable recrystallization in these areas. The 0.01 mole fraction YOy s areas in the
annealed sample do not yield EBSD patterns, which could be due to a crystallite size less
than 100 nm, or to disturbance of the crystalline lattice due to defects, strain, etc. A
smaller crystallite size or lattice disturbance could be explained by recrystallization of the
material in the 0.01 mole fraction YO, 5 areas.

Our interpretation of the compositional data combined with the x-ray microdiffraction
data is that the ¢” phase from the as-sprayed sample is retained, with a slight increase in
yttria content, in the annealed sample. A small proportion (0.06 + 0.02 mass fraction) of
a tetragonal phase with 0.01 mole fraction YO, s and a trace amount of a phase with 0.15
mole fraction YO 5 are formed upon heating. Therefore, the results from compositional
mapping/microdiffraction do not agree with the results from bulk x-ray and neutron
diffraction for the annealed sample, even given the uncertainties associated with each
technique.

Figure 4. EBSD pattern from 0.09 mole fraction YO, 5 area in annealed sample. Simulated patterns in
white were generated for t (Zr.94Y 06)0; 97 (left) and c (Zr.7,Y 26)O; g5 (right) and are equally well fit to the
data.
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CONCLUSIONS

This study has shown that WDS quantitative mapping combined with x-ray
microdiffraction is an alternative procedure for determining phase evolution in Y-PSZ
TBCs. The diffusion of yttria can be directly measured, and new compositional phases
can be located spatially with respect to textural features, such as cracks and voids. X-ray
microdiffraction can then be used to determine the crystallographic phase associated with
unique compositional areas. Although x-ray microdiffraction suffers the same drawbacks
as bulk diffraction in analyzing overlapping ¢” and ¢ phases, it offers the opportunity to
restrict the analysis to a single compositional phase, thereby removing the requirement to
resolve overlapping patterns.

The compositional changes determined by WDS mapping do not agree with results
from bulk x-ray and neutron diffraction conducted using accepted procedures. This may
be due to the inherent difficulties in separating overlapping diffraction patterns, or may
point to insufficient constraints in relating lattice parameters to composition. X-ray
microdiffraction analysis of low-yttria areas (0.01 mole fraction YO, 5) demonstrate that a
monoclinic phase is not present, as would be expected from phase equilibria studies.
Therefore, results from WDS quantitative mapping/microdiffraction show that phase
evolution in these materials may not follow the path predicted by phase equilibria studies.
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