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Estimation of Spalling Stress in Thermal Barrier Coatings

Using Hard Synchrotron X-Rays*

Kenji SUZUKI™, Keisuke TANAKA*** and Yoshiaki AKINIWA***

It is possible to measure nondestructively the residual stress in the interior of the top
coating in the thermal barrier coating (TBC) using hard synchrotron X-rays, which have a
large penetration depth and high brightness. A new hybrid method is proposed to estimate
the distribution of the spalling stress in the top coating by combining the synchrotron data
with the stress data measured by the conventional X-ray method utilizing a Cr-Kea radiation.
The new hybrid method was applied to estimate the distribution of the spalling stress in the
top coating of TBC which had a zirconia top coating with a thickness of 0.24 mm and a
NiCoCrAlY bond coating with a thickness of 0.2 mm. The residual stress, 07| — 033, within
the top coating was determined by synchrotron X-rays of 73keV energy level, where o33
was the stress perpendicular to the surface and o-j; was an in-plane stress. The distribution
of residual in-plane stresses, 011 and 0y, in the top and the bond coating was determined
with the conventional X-ray method by repeating the measurement after successive removal
of the surface layer. From the data obtained by synchrotron and conventional X-rays, the
distribution of stress component, 033, responsible for spalling was determined. The estimated
value of the spalling stress was very small beneath the surface and increased to about 75 MPa
near the interface between the top and the bond coating.
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1. Introduction

A thermal barrier coating (TBC) is a key technology
of gas turbine engines. The TBC consists of a top coating
plasma-sprayed with zirconia and a bond coating plasma-
sprayed with MCrAlY. It is the most important to prevent
the TBC from a spallation of the top coating. There are
many factors of the spallation of the TBC, for example,
a thermal stress due to a difference in thermal expansion
between the top and the bond coating, thermally growth
oxide and a residual stress caused by the interface rough-
ness. Estimation of internal stresses in TBCs is indis-
pensable for improving the TBC technology. The inter-
face asperity between the top and the bond coating causes
spallation of the TBC")>® . The spallation of TBCs has
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been analyzed mainly by a finite element method, and then
the relation between the interface asperity and the spalling
stress has been investigated® . However, TBCs have
the complicated mechanical behaviour with lamella struc-
ture®. It is very difficult to analyze the spalling stress by
taking account of the mechanical properties of TBCs. On
the other hand, the residual stresses in TBCs were mea-
sured experimentally, such as photo-stimulated lumines-
cence spectroscopy® 7.

The residual stress beneath the surface of the top coat-
ing can be measured by the conventional X-ray method®.
Because high energy X-rays have deep penetration depth,
internal stresses of the bond coating can be measured
nondestructively through the top coating using the syn-
chrotron radiation source®®. It is very useful to apply both
of low and high energy X-rays for the estimation of the
spalling stress in TBCs.

In this study, a new method is proposed to esti-
mate the spalling stress in top coatings by combining the
stresses measured by low and high energy X-rays.
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2. Analysis of Spalling Stress

The X-ray penetration depth becomes large with the
increase in the X-ray energy. The change in the X-ray
penetration depth with the increase in the X-ray energy
is shown in Fig. 1. The effective penetration depth is cal-
culated for the 333 diffraction of the zirconia top coating
in the condition of the side-inclination configuration. As
shown in the figure, the penetration depth for low energy
X-rays is small, and the measured stress is the in-plane
stress. For high energy X-rays from a synchrotron radi-
ation source, the penetration depth becomes very large,
for instance, the penetration depth for 72keV X-rays is
over 50 um. Hence, the stress measured with high energy
X-rays includes not only the in-plane stress but also the
out-of-plane stress.

In this section, a new analysis on a spalling stress us-
ing a low and a high energy X-ray is described. The co-
ordinate system and the principal stresses used are defined
as shown in Fig. 2, where ox is a stress measured by the
X-ray method. ¢ is the angle between a normal to the
specimen surface and a normal to the diffraction plane.
The relation between the measured diffraction angle, 26,
and the stresses is expressed as!?)

ray
dep
® 35

Effective X
penetratlon
= DN

Fig. 1 X-ray penetration depth of TBC for high energy X-rays

Fig. 2 Coordinate system for stress measurements
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where 6, is the diffraction angle for strain-free material,
Ex and vy are the X-ray elastic Young’s modulus and the
Poisson’s ratio, respectively. Assuming o) = 0, = 0¥,
Eq. (1) is rewritten as follows:

2(1+
202200 — 21 o001 — o) sin
X
2 4
- E_X tan6yos + EL:: tan6yo )

For low energy X-rays, the stress beneath the surface
is measured, and the plane stress state, i.e. 03 =0, can be
assumed. We can obtain the following equation by partial
differential of Eq. (2) by sin’y.

020 2(1+vx)
dsinty Ex
Hence, the in-plane stress, o, can be determined from
the gradient of the 20 —sin*y diagram. The X-ray stress,
O xray 18 regarded as the in-plane stress.

tan6yo; 3)

Oxray =01 @

When the stress is measured by high energry X-rays
from a synchrotron source, the stress state is no longer
the plane stress, because of its large penetration depth and
the spalling stress existing near the interface between the
top and the bond coating. The gradient of the 26— sin®y
diagram measured with high energy X-rays is

020 _2(1+vx)

dsin?y Ex
Thus, the stress measured by high energry X-rays, ogyn, is
given by

tan6y(o —03) (5)

ey = 01— 03 ©)

From the relation between Egs. (4) and (6), the spalling
stress, 073, is obtained.

03 =0x-ray ~Osyn @)

The method to estimate the spalling stress, o3, by
combining o; measured by low energy X-rays and o —
o3 measured by high energy X-rays, is named the hybrid
method in the present study. In the following analysis, the
change in the X-ray penetration depth with the change in
¥ angle, however, is not considered for the sake of sim-
plicity.

3. Experiments

3.1 Materials and specimens
The bond coating was made of NiCoCrAlY which
was low pressure plasma-sprayed on the substrate of Ni
base super-alloy with the thickness of 2mm. The thick-
ness of the bond coating was 0.2mm. The top coating
of zirconia with 8 wt% was made by air plasma-spraying
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on the bond coating. The thickness of the top coating was
0.2 mm. After heating the TBCs in vacuum, the specimens
were cut into the dimensions of 8 mm in width and 60 mm
in length.

The mechanical Young’s modulus of the top coat-
ing was measured by the tension test of the free-standing
top coating, which was removed from the TBC specimen
by electropolishing. The detail of the tension test of the
TBC specimen is described in our previous study®. The
Young’s modulus was 87.0 GPa and the tensile strength
was 7.88 MPa. To measure the mechanical Young’s mod-
ulus of the bond coating, the free-standing bond coat-
ing specimen was prepared. The free-standing speci-
men with the thickness of 1 mm was made by grinding
the substrate. The tension test of the free-standing bond
coating specimen was performed with the tension tester
(AUTOGRAPH) and the strain was measured with a strain
gauge. For the bond coating, the Young’s modulus and the
Poisson’s ratio were 158 GPa and 0.27, respectively.

3.2 X-ray conditions

The in-plane stresses of the top and bond coatings
were measured by the conventional X-ray method. The
diffractions used were ZrO, 133+331 for the top coatings
and Niz Al 220 for the bond coating by the Cr-Ka char-
acteristic X-rays. The conditions for X-ray stress mea-
surements are shown in Table 1. The X-ray optics is the
parallel beam method, and the sin?y method and the iso-
inclination configuration (2-goniometer) were used for
the X-ray stress measurements. The value of the X-ray
elastic constant of the top coating, which was obtained
from our previous study(g) , was used in stress calculation.
The value of the X-ray elastic constant of the top coat-
ing was independent of coating conditions. The mechan-
ical elastic constants, on the other hand, depend on the
top coating structure such as pores, lamella structure and
cracks. The X-ray elastic constant of the top coating was
obtained by the experiment using the free-standing bond
coating specimen.

The experiment by the high energy X-ray was per-
formed with the 4-circle goniometer at the beam line
BLO02B1 in the Japan synchrotron research institute,
SPring-8. The conditions for stress measurements by syn-
chrotron radiations were shown in Table 2. For the stress
measurement of the top coating, the diffraction from ZrO,
511+333 was used. For the stress measurement of the
bond coating, the diffraction from NizAl 311 was used.
Each stress constant was calculated from X-ray elastic
constant used for the above X-ray stress measurement. In
measuring the residual stress, the specimens were set on
the rotating table in order to assume the equi-biaxial stress
state. The used method for the stress measurement was
sinzzﬁ method with the side-inclination configuration (‘P-
goniometer).

The X-ray wavelength was 73.23keV, so that both
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Table 1 X-ray conditions for stress measurement
Top coating Bond coating

Crystal VAYOD NigAl
Diffraction 1334331 220
209 153.82 deg 129.35 deg
Radiations Cr-Ka Cr-Ka
Tube voltage 40 kV 40 kV
Tube current 30 mA 30 mA
Filter \% A%
Scanning 0.1°/step 0.05° /step
Divergent angle 0.64° 0.64°
Irradiated area 4 x 8 mm? 4 x 8 mm?
sin?¢ =0~ 0.6 0.05 step 0.1 step
Stress constant | —229MPa/deg | —728MPa/deg

Table 2 Conditions for stress measurement with synchrotron

X-rays

Wavelength 0.016932 nm (73.23 keV)

Slit size, (w x h) 2 x 0.5 mm?

Method Side inclination configuration
Top coating | Bond coating

Crystal ZrOy NigAl

Diffraction 511+ 333 311

20, (deg) 9.8090 9.0135

Stress constant —11492 —19486

(MPa/deg)
sin ¢ 0 ~ 0.7 (step 0.05)

diffraction angles are lower than 10deg. Therefore, the
high accurate measurement is required. The long soller
slit was attached front the scintillation counter in order to
reduce the broadening of diffraction profiles. The sam-
pling time was determined enough to become the peak
hight over 3 000 counts.

4. Results and Discussion

4.1 Distribution of residual stress measured by
laboratry X-rays

To obtain the distribution of the residual stress in the
direction of depth, the stress measurement with low en-
ergy X-rays was repeated successively after removal on
the TBC surface with diamond slurry. Figure 3 (a) shows
the distribution of the residual stress of the in-plane stress.
As shown the figure, the residual stress of the top coat-
ing was a small tension near the coating surface. This is
caused by a release of a stress due to the surface rough-
ness and micro-cracks. With the increase in the depth, the
residual stress increases to about 50 MPa, and becomes
constant. Approaching the interface between the top and
the bond coating, the residual stress of the top coating in-
creases, and then decreases.

The residual stress of the bond coating is large com-
pression near the interface between the top and the bond
coating, and it increases with the increase in the depth.
The residual stresses in the bond coating changes from
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Fig. 3 Change in residual stress and X-ray intensity in the
direction of depth

large tension to zero close to the interface between the
bond coating and the substrate.

Figure 3 (b) shows the change in the diffraction inten-
sities with the removed depth. The asperity of the interface
between the top and the bond coating is expressed by the
difference in the diffraction intensities between the top and
the bond coating. As shown in the figure, the X-ray inten-
sity from the zirconia top coating strated decreasing from
the depth of 200 um and went out at the depth of about
240 um. The asperity of the interface is therefore about
40 pm.

4.2 Residual stress measured by synchrotron

The diffraction profiles, which were obtained by high
energy X-rays from synchrotron source, are shown in
Fig. 4. In the figure, T, is the thickness of the top coating,
the specimen for 7. =240 um is as coated. The figure also
shows the diffraction profiles for the specimens with sev-
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Fig. 4 Diffraction profiles of TBCs for several thicknesses by
synchrotron X-rays

eral kinds of the thickness of the top coating. The thick-
nesses of the top coating were completed by buffing with
diamond slurry with a great case not to introduce addi-
tional residual stresses. In addition of the diffraction curve
for the specimen as top coated (7, = 240 um), diffraction
curves for the others specimens were also shown in Fig. 4.
As shown in the figure, it is noted that the diffraction of
the bond coating can be measured through the top coat-
ing using high energy X-rays. The diffraction intensities
from the bond coating became strong with the decrease
in the thickness of the top coating, T.. Particularly, the
311 diffraction from NizAl has the strong intensity, and
it is suitable for the stress measurement. Although the
422 diffraction from ZrO; has the strong intensity, there
is the 222 diffraction from Ni3Al near the right side of it.
Therefore, the 511+333 diffractions from ZrO, were used
for the stress measurement of the top coating. The X-ray
with energy above 73keV has deeper penetration depth,
but the diffraction angle, 26, becomes too low to measure
the stress. As a result, the X-ray energy of about 73 keV is
the most suitable energy level for the stress measurement
of TBCs.

The thicknesses of the top coating, T, were 240 um,
142 pm, 97 um, 40 wm, and Opm. For these specimens,
the residual stresses of the top and the bond coating
were measured by synchrotron X-rays with the energry
of 73.23keV. The 20—sin?y diagrams of the top and the
bond coating are shown in Fig.5 (a) and (b). Although
there are the small deviations and waviness in the dia-
grams, the relations can be approximated by the straight
lines. Each fitting line is indicated in the figures. The
value of the stress was calculated from the gradient of the
fitting line.

The obtained stress are shown in Table 3. As shown
the table, the residual stress of the top coating as sprayed
was small tensile, and the residual stress became small
compressive with the decrease in the thickness of the top
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Fig.5 26—sin?y diagrams of TBC using synchrotron radiation

Table 3 Residual stresses measured by synchrotron

Thickness of | Residual stress ogy, (MPa)
top coating T, | Top coating | Bond coating
240 pm 5.0 185

142 pm 1.6 183

97 pm -74 175

40 pm —15.6 178

0 pm — 222

coating. It is noted that the tendancy for the residual stress
of the top coating measured by high energy synchrotron
X-rays is different from that by low energy X-rays with
Cr-Ka shown in Fig. 3. This difference comes from that
the stresses measured by the synchrotron X-rays include
the stresses at the deep position from the surface due to
its large penetration depth, while the stresses measured by
the low energy X-rays are the in-plane stresses due to its
small penetration depth.
4.3 Spalling stress in top coating

The spalling stress in the TBC is estimated by the hy-

brid method using Eq. (7). The results are shown in Fig. 6.
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Fig. 6 Distribution of residual stress determined by the hybrid
method

In the figure, the in-plane stresses, oy, are plotted at the
removed depth. Each o3 is plotted at the depth of 40 pm
from the removed surface, because the mean of the pene-
tration depth from sin’y = 0 to 0.7 is 40 um in the case
of the synchrotron X-ray energy of 73.23 keV. However,
o3 for the specimen of T, = 40 um, is plotted at a half
thickness, 7, /2 =20 um, to take account of the remaining
thickness of the top coating. The spalling stress, o3, for
the bond coating was calculated from the mean of 0| — 03
for the bond coating and the mean of 0| from z =200 pm
to 240 um. And then, the spalling stress of the bond coat-
ing is plotted at z=220 um which is the mean depth of the
interface between the top and bond coating.

The spalling stress for the top coating is zero at the
surface and has the constant value of about 40 MPa. And
then, the spalling stress becomes large near the interface
between the top and bond coating. The spallation of
the top coating is controlled by the compressive in-plane
stress and the spalling stress. As the in-plane stress, oy,
is a tension as shown in the figure, the measured stress,
03, is not enough for the spallation. The magnitude of the
spalling stress estimated by the hybrid method is reason-
able as the TBC specimen after annealing. The interface
between the top and the bond coating has the complex as-
perity, and the residual stress near the interface consists of
the local phase stresses of the zirconia top coating and the
bond coating. The stress measured by X-rays is the phase
stress of zirconia, hence the out-of-plane stress of zirco-
nia exists near the interface. The out-of-plane stress in
the bond coating is compressive against the tensile stress
in the top coating. The existence of the large spalling
stresses near the interface corresponds to the thought that
the spalling stress is caused by the asperity of the interface
between the top and the bond coating" @,

On the other hand, a spalling stress is strongly pro-
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moted by thermally grown oxide!!"-(1?) it is useful to es-
timate a spalling stress by the hybrid method. The mech-
anism of spallation of the TBCs will be clarified by utiliz-
ing the high energy synchrotron X-rays as the experimen-
tal method for the starin analysis.

5. Conclusions

The TBC specimen plasma-spayed was prepared to
have the zirconia top coating with the thickness of 0.2 mm
and the NiCoCrAlY bond coating with the thickness of
0.2mm. The distribution of the in-plane stress in the top
coating was obtained by repeating the conventional X-ray
stress measurement after successive removal. The residual
stresses of the TBC specimens with several thicknesses
were measured by synchrotron X-rays with the energry of
73.23keV.

The obtained results are summarized as follows:

(1) The in-plane stress in the top coating was a small
tension beneath the surface, and increased near the inter-
face between the top and the bond coating. The in-plane
stress in the bond coating was compressive near the inter-
face with top coating. It changed from compression to
tension with the distance from the interface.

(2) The residual stress in the bond coating could be
measured through the top coating using high energry syn-
chrotron X-rays. The diffraction from NizAl 311 with
73 keV showed very strong intensity. The diffraction from
ZrO; 511+333 with the X-ray energy of 73.23 keV is suit-
able for the stress measurement of the top coating.

(3) The spalling stress in the TBC was estimated by
combining low and high energry X-rays, and this method
was named the hybrid method. The spalling stress in the
top coating became 75 MPa near the interface between the
top and the bond coating.
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