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The stiffness of air plasma sprayed (APS) thermal barrier coatings (TBCs) was determined from bending
experiments combining strain analysis on a microstructural level with macroscopic mechanical parameters.
Tests were performed with freestanding and attached TBCs, the latter either loaded in tension or in com-
pression. Relationships are derived, which describe the TBC stiffness in a multilayer composite (attached
TBC) and for a bimodular material that possess a lower stiffness in tension than in compression (stand-alone
TBC). The increase of in-plane stiffness with increasing compressive stress emphasizes the importance of the

spraying defects for the elastic response of the coating.

Keywords bending test, stiffness, strain, thermal barrier coating
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1. Introduction

Ceramic thermal barrier coatings (TBCs) are increasingly
used on high-temperature-exposed components of advanced gas
turbines to extend the operational temperature and/or to decrease
internal cooling, which in both cases increases the efficiency of
the turbine.l'?! Typically, the components consist of a three-
layer composite. The single-crystal Ni-superalloy substrate is
corrosion protected by a metallic layer that also provides the
bond coat (BC) for the insulating porous ceramic top coat. The
standard TBCs are either atmospheric plasma sprayed (APS) or
physically electron beam-vapor deposited (EB-PVD) yttria-
stabilized zirconias. Depending on the coating process different
microstructures develop, i.e., spraying lamellae parallel to the
BC in the case of APS or columnar grains perpendicular to the
BC in the case of EB-PVD.

The mismatch in thermal expansion coefficients among sub-
strate, BC, and TBC results in residual stresses which, along
with the brittleness of ceramic coatings and the formation of a
thermally grown oxide (TGO) between BC and TBC, often lead
to delamination or segmentation cracks, which ultimately cause
spallation.’*”) The stiffness of the TBCs is considered as a key
parameter to quantify the stress situation and the brittle failure
behavior of the thermal barrier system.

Frequently a relatively low macroscopic stiffness is reported
for TBCs and attributed to pores and the large number of micro-
cracks.’® The low stiffness leads to low residual stresses in the
TBC and in consequence to a relatively high thermomechanical
stability. The microstructure and thus the elastic properties,
however, may undergo changes during long-term exposure at
high temperature. Formation of the TGO, sintering processes™
and crack healing within the TBC splats'®'”! are assumed to
change the local residual stress situation and to lead to an in-
crease in TBC stiffness, respectively. Hence, TBC failure and
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fatigue of the thermal barrier composite become more likely by
thermal exposure of the coating. Measurement of the TBC stiff-
ness provides a tool to assess the reliability of the thermal barrier
system. ™

The stiffness of TBCs has been measured using different
methods, e.g., ultrasonic techniques,!''! mechanical bend-
ing,®'?! and indentation tests.!®'%'3! In particular, the indenta-
tion method is widely used to determine the mechanical proper-
ties of coatings.!"* The microprobing capability is an advantage
of indentation testing compared with macroscopic bending ex-
periments. However, typically the obtained stiffness reveals a
strong dependence on the indentation load.!"*! Discrete bound-
aries and microstructural defects are involved in the deformation
process accompanying the impression and lead to significantly
lower values of the stiffness compared with the properties of
bulk YSZ. In addition, a large scatter of the measured data is
obtained. Moreover, the mechanical properties can differ due to
the microstructural anisotropy of the coatings.!'!

Lower stiffness values are typically obtained from averaging
global measurements of TBCs as realized in bending tests.[®!
These tests reveal, compared with indentation, the elastic re-
sponse of a much larger volume of coating. Since the global
stiffness results appear to be less affected by experimental and
local material parameters, it seems reasonable to study the influ-
ence of stress on stiffness in a global approach.

In the present paper, bending techniques with in situ obser-
vation of the TBC surface are used to characterize the global
elastic properties of attached and stand-alone APS TBCs. The
stiffness is determined by combining strain analysis from micro-
scopic observations with the mechanical stress data of the bend-
ing tests. In particular, the influence of stress and strain on stiff-
ness is elaborated.

2. Experimental

ZrO,-based (7-8 wt.% Y,05) thermal barrier coatings (300
um) were deposited with a Metco-Triplex I plasma gun (Sulzer
Metco, Winterthur, Switzerland) on larger plates of low-pressure
plasma sprayed bond coat with underlying Ni-superalloy sub-
strate. To prepare stand-alone TBC specimens thick YSZ coat-
ing (-2 mm) was also sprayed directly on a steel substrate. All
coatings were carried out at the Institute for Materials and Pro-
cesses in Energy Systems, IWV 1, Research Center Jiilich, Ger-
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Table 1 Elastic Moduli E;, Thermal Expansion
Coefficients o; and Thickness of the Layers ¢ in the
Thermal Barrier Specimens

o, 107°K™

t;, pm E;,, GPa (20-800 °C)
Ni-superalloy substrate 380-910 122 11.5-15.6
NiCoCrAlY bond coat 140 140 10.3-16.0
TBC 320-2000 9.7-10.3

many. During the air plasma spraying, the substrates were
cooled with compressed air resulting in deposition temperatures
between 200 and 250 °C. After cooling to room temperature, the
TBC surfaces of the specimens were polished with diamond
paste to facilitate microscopic observation (final polishing step 1
pm). From the specimens with thick TBC the substrate was re-
moved via chemical etching with hydrochloric acid.

The bending experiments were carried out with small devices
mounted on the stages of an optical and a scanning electron mi-
croscope. The determination of the strain was based on a com-
parison of in situ recorded micrographs using the commercial
software UNIDAC (Universal Deformation Analysis by Means
of Correlation, Chemnitzer Werkstoffmechanik GmbH, Chem-
nitz, Germany), which permits a strain analysis via gray-scale
image contrast.!'®

The stiffness was calculated assuming a linear-elastic rela-
tionship between stress and strain. The actual relationships ap-
plied for the stiffness determination are outlined in the following
section. Special care was taken to consider the multilayer stress
situation and the influence of thermal mismatch as given in a
thermal barrier system. The elastic moduli £, thermal expansion
coefficient o, and thickness of the layers ¢, which had to be
known to determine the stress and strain in the TBC, are given in
Table 1.

3. TBC Strain in Bending
3.1. Multilayer Composite-Attached TBC

The strain/deflection correlations given in the following de-
scribe the behavior of coatings with different stiffness in tension
and compression (e.g., plasma sprayed thermal barrier coatings).
Typically, stiffness is treated as an average value that can be
determined, for example, mechanically in bending tests as a se-
cant or tangential value from the stress-strain or load-deflection
curve. However, performing a set of measurements with loading
to different strains also permits a determination of the respective
average stiffness as a function of applied strain. A determination
of the stiffness as a function of the absolute strain requires a
consideration of the residual stress. The stiffness at zero strain
can be calculated via extrapolation.

In the case of the attached TBCs, the specimens are analyzed
by applying a bending moment perpendicular to the interface
between the layers, which corresponds to bending parallel to the
spraying direction. Figure 1 outlines the geometrical situation
for a three-layer thermal barrier composite. The elastic theory of
multilayered composites yields for bending perpendicular to the
interface between the layers a flexural rigidity oft'”!

n i 3 i-1 3
(EI)*zészil:<ztj_tna> +<tna_2tj> :| (qu)
i=1 Jj=1

J=1
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Fig. 1 Layer geometry of thermal barrier composite in four-point
bending test

where w is the width of the beam and the neutral axis (Fig. 1)
iS[17]

n i=1 n
ta= WE Eiti<22 L+ ti> / (22 EiWifi> (Eq2)
i=1 J=1 i=1

The strain can be measured on the free surfaces of the top and
the bottom layer (Fig. 1). In each case the strain Ae is related to
the flexural rigidity of the multilayered composite beam ET*.
The tensile strain on the free surface of the top layer (Fig. 1) ist'”!

AM [ <
A"'J‘tp = @( zti - tna) (Eq 3)

1
and the compressive strain on the free surface of the bottom layer
(Fig. 1) becomes

M
ASb = W(tna) (Eq 4)

The applied moment is in the case of four-point bending AM
= APa/2. In the case that the specimen is thin compared with the
distance between the loading spans, the flexural rigidity of the

composite beam is related with the load-deflection behavior
[17]
as

AP
(ED* = f(a)y (Eq5)

where the geometry-function f{a) in a four-point bending experi-
ment becomes fla) = a(3lx — 3x* — a*)/12 (Fig. 1). Here / is the
loading span, a the distance between inner and outer loading
pins, and x the position with respect to the outer loading pin at
which the deflection d is measured.

Equation 5 can be combined with either Eq 3 or 4 to deter-
mine the stiffness of the TBC as a function of the applied tensile
or compressive stress. Alternatively, as has been done here, the
stiffness as a function of the applied tensile or compressive stress
can be determined directly from Eq 3 or 4, respectively. In this
case the relationship for the flexural rigidity, Eq 1 has to be
solved for the unknown stiffness of the TBC. Since the solution
is straightforward but rather lengthy, an explicit equation is not
given here but can conveniently be obtained with suitable math
programs.

3.2. Residual Stress in the TBC

Since the stiffness is supposed to be a function of the applied
stress, the bending stress for the layer # can be estimated using
Eq 3. However, in the multilayered composites frequently re-
sidual stresses due to thermal mismatch also exist. Considering
the residual stress o, ,, at the position y within the layer 7, one

res,y
obtains the more general relationship:!'”]
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Values of the residual stress in the TBC can be obtained inde-
pendently of the bending tests, e.g., by multilayer curvature ex-
periments.['®]

3.3. Stand-Alone TBCs

Stand-alone TBCs need a special treatment since they exhibit
a steady transition (gradient) from tensile to compressive stress
upon loading in a bending test. Due to the stress dependency of
the stiffness only a trivial solution can be obtained applying the
same procedure as before to a stand-alone TBC. As a simplified
extension to the mechanical analysis presented above, two iso-
tropic TBC materials with different stress-dependent stiffness
are considered. The thickness of the specimen volume under
compression is 7, = t,,. The subscript c refers in the following to
the specific volume under compression and subscript t to the
volume under tension. Equation 2 leads for the average stiffness
at the applied strain Ae = g tol'”]
B

q

ttz,q = E_c,q tiq (Eq7)

Since #, =t,,, Eq 1 can be simplified to obtain:

¢q "6q

w —_
(ED* = 3 (Eoqtig+ Eig i) (Eq 8)

Strain measurements on the side face provide the position of
the neutral axis. Using Eq 7 and 8, the average stiffness of the
portion under tension then becomes:

E,. 3AM Eq9
YT Ag wi(t —t,,) (Eq9)

The average stiffness of the portion under compression can
be determined from!'”)

— 3AM(1—1,/1)
T Aew(r,,)’

The stiffness values in the following results section are ob-
tained as a secant modulus with the analytical approaches out-
lined above. In the case of attached TBCs the strain was deter-
mined by an analysis of images taken from the side face of the
specimen (Fig. 2, Eq 3-5). For the freestanding TBCs the calcu-
lation of the strain was performed on the basis of images taken
from the surface and the side face (Fig. 2, Eq 9 and 10).

(Eq 10)

4. Results and Discussion

The stiffness response of the TBC to mechanical loading is
subsequently addressed under two aspects. First the local nature
of deformation and straining is demonstrated. Thereafter, in an
averaging approach, the stress dependence of the global stiffness
is quantified and compared with results from literature.

4.1. Local Strain Aspect

A SEM micrograph of an arbitrary location of the tensile sur-
face of a stand-alone TBC specimen is shown in Fig. 3. In addi-
tion, the inlet displays the displacement vectors obtained by
gray-scale analysis comparing the initial and a progressed stage
of bending. A pronounced change in displacement along the
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Fig.2 Strain determination of TBCs in bending tests by comparison of
surface images from in situ microscopic observation. Bending tests
were carried out with (a) stand-alone and (b) attached TBCs under ten-
sion and compression.

cracklike defect can be seen. The inhomogeneous microstruc-
ture of the APS TBC results in a variation of the displacement for
different local areas. This is illustrated in Fig. 4, where the stiff-
ness was determined for six different areas with different local
microstructure. The values obtained as the ratio of applied stress
divided by local strain vary from 1.2-30.6 GPa. An analysis cov-
ering the total area of the micrograph results in an average value
of ~5 GPa. Obviously the high compliance of larger defects se-
verely influences the mechanically measured global tensile stiff-
ness of the TBC. Likewise, under compression a higher stiffness
can be expected when the crack surfaces are forced into physical
contact.

Note that, as a consequence, a load-dependent shift of the
neutral axis toward the compressive specimen side also has to be
considered when bending tests are carried out with separated
stand-alone TBCs.

A second aspect of the defect-governed deformation behav-
ior is the localization of straining in the TBC. Contour plots of
the strain Ag, in the cross section of an attached TBC obtained
during stepwise application of tensile loads from 38-248 N are
displayed in Fig. 5. The section shown for a fixed position in
each strain map covers the area between TBC surface (top) and
interface to the bond coat (bottom). The contour maps reveal dif-
ferent stages of the localized formation of segmentation cracks.

Similarly, contour plots of the strain Ae, in the cross section
of an attached TBC obtained during stepwise application of
compressive loads from 28-148 N are displayed in Fig. 6. The
cross section now has the TBC surface at the bottom and the
interface at the top. The opening of a larger delamination crack
near the interface to the bond coat is recognized.

In terms of a minimum strain required for opening activity of
larger cracks in segmentation and delamination orientation, an
average value in the order of ~0.2% can be deduced if higher
resolution of the strain maps is chosen.

The micrograph in Fig. 4 and the contour plots in Fig. 5 and 6
illustrate how the inhomogeneous microstructure affects the lo-
cal strain behavior of a TBC. It is emphasized that this hetero-
geneity aspect should receive more attention in future stiffness
characterization studies.
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Fig. 3 Scanning electron micrograph of tensile surface (stand-alone TBC) in bending test. Displacement field around crack-shaped defect (inlet)

reflects changes upon loading as obtained by gray-scale analysis.

= 10.7GPa

E =3.0GPa

i DR 3 2GPa

W

= 30.6GPa

E =5.9GPa

T

Fig. 4 Determination of average stiffness for six smaller areas in the micrograph of Fig. 3. Results illustrate the influence of microstructural defects
on variation of stiffness in TBC.

4.2. Global Strain Aspect

To quantify the macroscopic stiffness response of the TBC to
an applied stress, the total strain mapping areas of bending tests
were considered. For simplification, only the average stiffness
from such areas was taken as a measure of the global response to
the applied stress. Of course, in a more complex approach the
stiffness values must reflect the strain gradient in the bending
experiments, too. The changes in stiffness as a function of the
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E=1.2GPa

total stress are plotted in Fig. 7. Note that, for both tensile and
compressive loading, the total stress comprises the applied and
the residual stress contributions (Eq 6). For the attached TBC a
residual stress of ~50 MPa was assumed.['® The data for the
attached TBC under compressive and tensile stress are comple-
mentary and agree well if extrapolated to zero applied stress.
The stiffness of the TBC increases considerably with applied
compressive stress from a stress-free value of ~15 GPa to ~40
GPa at a compressive stress of 300 MPa.
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Fig.5 Strain maps of attached TBC under tension. The analyzed TBC
section is localized on side face of specimen. The section covers the area
between free surface (top) and interface to BC (bottom). The contour
plots show heterogeneous development of Ae, strain as a function of
increasing tensile load.
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Fig. 6 Strain maps of attached TBC under compression. Side face
view of TBC as in Fig. 5, but area shown with interface to BC at top and
free surface at bottom. The contour plots represent development of lo-
calized Ae, strain as a function of increasing in-plane compressive load.

Figure 7 also reveals a stiffness decrease with applied tensile
stress. However, the measured tensile stress range is limited
since stand-alone TBCs fracture at low stress levels of ~20-30
MPa,"'?! and the formation of through-thickness segmentation
cracks terminates the stiffness determination of attached TBCs.
The data for the attached and stand-alone TBC agree reasonably
well; the observed small deviations might also be related to dif-
ferences in the local crack density.

The measured dependence of the stiffness on stress is com-
pared in Fig. 8 with data reported in literature for APS*! and
EB-PVD[?'22] coatings. The results are restricted to the com-
pressive stress regimen. For the APS TBC only a narrow range
of stresses has been analyzed. There is good agreement for the
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Fig. 7 Average stiffness of APS TBC as a function of the total stress
o, (applied + residual). Shown are values for attached TBC under com-
pressive and tensile stress together with data for the freestanding TBC.
In the latter case, results for both stress states are obtained from single
specimen measurements. For the attached TBC a residual stress of 50
MPa was assumed, as indicated by dashed vertical line.

160
140 .
120 ¢
n‘: 100
Q 30
=60

Present work ¢
40+ STt
201 7

0
-350 =250 -150 -50 50

o /[ MPa

A APS[20]
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Fig. 8 Stiffness as a function of stress; comparison of data from Fig. 7
with results from literature for APS and EB-PVD coatings

secant modulus of the APS coatings in the common stress regi-
men, although residual stresses have not been considered. For
large compressive stress, values close to the stiffness of the bulk
material should be reached,!*®) but the results of the current
study do not support this theoretical assumption. In the bending
tests, spallation occurred long before complete densification
was achieved.

In comparison, the stiffness of the EB-PVD coating'” "' shows
a stronger dependence on stress, as might be expected from the
narrow gaps between the columnar grains. Also, the stress at
which the extrapolated stiffness approaches zero is lower (=5
MPa), being an indication of a lower modulus of rupture, as can
be expected considering the weak interfaces between the colum-
nar grains.

In comparing stiffness data obtained using different methods,
it is usually not considered that different stress-strain conditions
might be present in the TBC. Only residual stresses have to be
taken into account to validate ultrasonic measurements. Inden-
tation tests reflect the stiffness as a result of the TBC response
between a minimum stress value, which is the residual stress,
and a maximum value, which is the sum of the residual stresses
from thermal mismatch and indentation. In bending tests of an

[21]
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Fig. 9 Stiffness as a function of strain; comparison of the bending
results with stiffness data obtained from spherical indentation experi-
ments

attached TBC, the stiffness behavior varies as a function of the
stress-strain state between interface and free surface. In bending
tests of a stand-alone TBC, the tensile and compressive stresses
have maximum values at the free surfaces and decrease toward
the neutral axis of the specimen. Considering that the stiffness is
a function of the stress-strain, it is not surprising that different
methods can lead to different stiffness values. Since the TBCs
show nonlinear stress-strain characteristics, the authors suggest
plotting the stiffness as a function of strain.

To demonstrate the advantage of such a presentation, the data
from the bending tests are compared with the stiffness values
obtained for the same TBC using a spherical indenter.** In
Fig. 9, the average value of indentation stiffness results from
attached and stand-alone TBCs is related to half of the maxi-
mum applied strain. With these simplifying assumptions
good agreement between indentation and bending results is ob-
tained.

5. Conclusions

The stiffness of stand-alone and attached APS TBCs was de-
rived on the basis of an elastic multilayer approach. The experi-
mental strain values were obtained from image contrast analysis
of scanning electron and optical micrographs. The results high-
light the effect of inhomogeneous microstructure on elastic be-
havior and the pronounced dependency of the stiffness on the
applied and residual stress-strain.
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