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Effects of Heat Exposure Time and Temperature on the Delamination Behavior

of Air Plasma-Sprayed Thermal Barrier Coatings under Shear Loading

Makoto Hasegawa !, Tsuyoshi Endo"? and Hiroshi Fukutomi

Division of Materials Science and Chemical Engineering, Faculty of Engineering, Yokohama National University,
Yokohama 240-8501, Japan

The delamination behavior of air plasma-sprayed thermal barrier coatings (APS-TBCs) exposed to heat in air at different temperatures was
evaluated under mode II loading conditions. The TBC layer, BC layer, and substrate were composed of 8 mass% Y03 partially stabilized ZrO,,
NiCoCrAlY alloy, and Inconel 738 nickel base superalloy. The heat exposure was performed at 1173 K or 1423 K for 10 to 200 h. During the
heat exposure, the thickness of thermally grown oxide (TGO) increased and the hardness of the bond coat (BC) layer near the TGO decreased
with increasing heat exposure time. The delamination toughness decreased monotonically with increasing heat exposure time when the TBCs
were heat exposed at 1173 K. In this case, delamination occurred at the TBC layer. The average thickness of the remaining TBC on the substrate
side decreased with increasing exposure time. As for the TBCs exposed at 1423 K, the delamination toughness increased over the first 50 h, but
then began to decrease with further exposure time. The delamination pathway has transferred to near the TGO layer. The fraction of TBC layer
fracture decreased, whereas those of the TBC/TGO interface and TGO/BC interface fracture increased with increasing exposure time. The
change in delamination toughness may have been caused by the interaction between the TGO thickening and the reduction of BC layer hardness.
The increase in TGO thickness decreased the delamination toughness due to an increase in residual stresses. The decrease in hardness of the BC
layer near the TGO may have increased the delamination toughness by increasing the plastic dissipation. [doi:10.2320/matertrans.M2016077]
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1. Introduction

Thermal barrier coatings (TBCs) produced by an air plas-
ma-spray (APS) process have been widely used as hot section
components in gas turbines for thermal insulation and oxida-
tion protection of nickel-base superalloy substrates. APS-
TBCs are usually composed of an outer oxide ceramic TBC
layer and an inner metallic bond coat (BC) layer to protect the
substrate from high temperatures and oxidation'>. Here, the
TBC layer is also usually called as top coat (TC) layer. During
service, the TBCs undergo thermal and/or thermo-mechani-
cal loading. Sintering of the TBC layer*”, formation and
growth of the thermally grown oxide (TGO) layer*™®, and
phase transformation of the BC layer’'”) can occur during
service. Microstructural changes in each layer and different
loading conditions may influence the failure behavior of
TBCs. It was reported that ultimate TBC failure might occur
via an edge-and-buckle delamination mechanism®. A crack
propagates along the TBC layer interface and/or interfaces
under predominantly mode II loading conditions. Thus, it is
important to understand the fracture properties of TBCs un-
der shear loading conditions in order to evaluate their reliabil-
1ty.

Recently, conical indentation and wedge impression test
methods that can evaluate delamination behavior under shear
loading conditions have been developed''~'¥. Both methods
can evaluate interfacial delamination by symmetrical crack
propagation from the indented region. However, due to the
low driving force for crack propagation and the difficulty of
applying the unique vertical load to the coating, symmetrical
crack propagation does not occur often. Barb'*'®, push-
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out'®2Y_and other shear tests?? have also been developed to
measure delamination toughness under shear loading. Chang-
es of delamination toughness in different interfacial rough-
ness at as deposited state and in different heating condition
such as isothermal heat exposure and thermal cycling have
been evaluated in the electron beam physical vapor deposited
TBCs (EB-PVD TBCs) by barb and pushout tests. Although
the properties of the constituents and of the entire TBC sys-
tem depend on the microstructure of the TBCs*’%2¥), the in-
terfacial mechanical properties under mode II loading condi-
tions in TBCs under different thermo-mechanical loading
conditions that change the TBC microstructure are still not
well understood. In this study, the microstructure develop-
ment of APS-TBCs and changes in the delamination tough-
ness under mode II loading conditions with different heat
exposure temperatures and times were studied experimental-

ly.
2. Experimental Procedure

2.1 Air plasma-sprayed thermal barrier coatings

TBCs were fabricated by a plasma spraying process. A
thermal barrier coating layer consisting of 8 mass% Y,03
partially stabilized ZrO, was coated on a bond coat (BC) lay-
er by an air plasma-spraying process. The BC material was a
NiCoCrAlY alloy (Co22 Cr17 Al12.5 Y0.6 and balance Ni in
mass%) coated on a nickel base superalloy substrate (Inconel
738, Co8.5 Cr16 Al3.5 Ti3.5 W2.6 Mo1.8 Nb0.9 and balance
Ni in mass%) by a low-pressure plasma-spraying process.
The thicknesses of the TBC, BC, and substrate were ~250 um,
~100 pym, and 3.2 mm, respectively. As-sprayed TBCs were
heated in air at a heating rate of 1.6 x 107! K-s™' to 1173 K or
1423 K and held there for 10, 50, 100, or 200 h. Then, the
materials were cooled at 8.0 x 1072 K-s~! to room tempera-
ture.


http://dx.doi.org/10.2320/matertrans.M2016077

Effects of Heat Exposure Time and Temperature on the Delamination Behavior of Air Plasma-Sprayed Thermal Barrier Coatings

BC layer

Specimen Support

Adhesive
bonding

Specimen Support

Fig. 1 Schematic illustration of the pushout test method.

Transverse sections of the TBCs after polishing to a 0.5 um
diamond paste finish were used for microstructure observa-
tions and analysis. Characterization of the microstructure was
performed using an optical microscope (OM) and a scanning
electron microscope (SEM). The Vickers hardness of the BC
layer was measured in as-sprayed and heat exposed TBCs. A
0.49 N load was applied for 5 s and then removed.

2.2 Pushout test method

The pushout test method was used to measure the delami-
nation behavior under shear loading conditions'®2D. The
substrate side of an APS-TBCs specimen was bonded using
an epoxy-based adhesive and polished to form a pushout
specimen. The surfaces of the pushout test specimens were
carefully polished to a 0.5 ym diamond paste finish. Figure 1
shows a schematic configuration of the pushout test method.
The specimens were 5 mm high (c), 4 mm wide (w), and
6.4 mm thick (2h). Tungsten carbide (WC) blocks were used
for specimen support. The pushout tests were performed in
air at room temperature using a screw-driven testing machine
with a constant crosshead speed of 3.3 yum-s~'. During the
tests, the load and displacement were recorded by a data re-
corder with a sampling time of 0.1 s. After the pushout tests,
the fracture surfaces of the specimens were observed from a
side perpendicular to the loading axis (with an area of ¢ X 2h
in Fig. 1) of the specimen using OM and SEM.

3. Results and Discussion

3.1 Microstructural changes during heat exposure

Figure 2(a) shows a typical example of a polished trans-
verse section of an as-sprayed APS-TBC. The TBC layer, BC
layer, and substrate are visible. Pores and inter-splat boundar-
ies were observed in the TBC layer as black spots and lines,
respectively. Macroscopically, the BC layer seems to be a sin-
gle phase. However, the high-magnification view shows that
the BC layers are composed of a fine mixture of two phases,
with bright and dark contrasts (Fig. 2(b)). These bright and
dark contrasts are a y' phase (Ni3Al) with an L12-type struc-
ture and a B phase (NiAl) with a B2-type structure, respec-
tively®19,

SEM micrographs of TGO and BC layers after heat expo-
sure at 1173 K and 1423 K are shown in Fig. 3. The TBC
layer was also observed near the BC layer. As for the speci-
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Fig. 2 Scanning electron micrographs of (a) as-sprayed thermal barrier
coatings (TBCs) and (b) a high-magnification view of a bond coat (BC)
layer.

mens heat exposed at 1173 K, sintering of TBC layer should
be occurred. However, the disappearance of pores and in-
ter-splat boundaries suggests that sintering of the TBC layer
could not be observed. In the specimen that was heat exposed
at 1423 K, it is not so obvious but the fraction of pores and
inter-splat boundaries seemed to decrease with increasing
heat exposure time. This was due to sintering of the TBC lay-
er during heat exposure. After 10 h of heat exposure at 1173 K
(Fig. 3(a)), the BC layer separated into two different zones
(hereafter expressed as Zone I and Zone II). Zone I was adja-
cent to the TBC layer and the substrate, was 6—7 um thick,
and consisted of a bright ' phase. Zone II in between them
consisted of a mixture of a bright 7’ phase and a dark 3 phase.
With increasing heat exposure time up to 50 h, the thickness-
es of the zones next to the TBC layer (Zone Ia) and substrate
(Zone Ib) both increase slightly. Almost all of the area in the
BC layer (Zone II) was composed of a mixture of " and 3
phases (Fig. 3(b)—(d)). In the specimen heat exposed at
1423 K for 10 h (Fig. 3(e)), the BC layer also separated into
two different zones (Zones I and IT). With increasing heat ex-
posure time, the thicknesses of Zones Ia and Ib increase,
whereas that of Zone II decreases (Fig. 3(f)). Finally, Zone II
completely disappears, and the entire BC layer becomes a y’
single phase (Fig. 3(g), (h)). The formation of a 8 depleted
zone adjacent to the TBC layer (Zone Ia) and substrate (Zone
Ib) is due to the consumption of Al by the formation and
growth of the TGO layer and diffusion to the substrate, re-
spectively’®. Thus, the 8 phase transforms to the ' phase.
The formation and growth of a continuous and irregularly
shaped TGO layer was observed between the TBC and BC
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Fig. 3 Scanning electron micrographs of bond coat layer. The specimens
were heat exposed at 1173 K for (a) 10, (b) 50, (¢) 100, and (d) 200 h and
at 1423 K for (e) 10, (f) 50, (g) 100, and (h) 200 h.

layers. Only a dark contrast region was observed in the TGO
layer, indicating @-Al,O3 formation, when the specimens
were heat exposed at 1173 K. When the specimens were heat
exposed at 1423 K for more than 50 h, not only a dark con-
trast region but also a bright gray contrast region shown as
white arrows in Fig. 3 indicating spinel with the composition
of (Ni, Co)(Cr, Al);O4 was observed®*>. Changes in the av-
erage thickness of the TGO layer l_z[go with increasing heat
exposure time 7, are plotted in Fig. 4. A, was measured by
drawing 40 equally spaced lines at 7 um intervals on an SEM
photograph showing a polished transverse section of the coat-
ing. The lines were drawn normal to the BC/substrate inter-
face. The thickness of the TGO layer increased with increas-
ing heat exposure time. It has been reported that the thickness
growth of the TGO layer can empirically be expressed as

Ijltgo ~ k- (tp)" (D

where k and n are constants depending on the heat exposure
conditions. In the present study, the values of n for specimens
heat exposed at 1173 K and 1423 K were 0.37 and 0.32, re-
spectively. These are nearly the same as the previously report-
ed n values for APS-TBCs>**¥. Another characteristic of
TGO growth is increasing deviation of the TGO layer thick-
ness with increasing heat exposure time. The reason for this
phenomenon is believed to be the formation of spinel in a
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Fig. 4 Average TGO layer thickness after various heat exposure tempera-
tures and times.
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Fig. 5 Relationship between Vickers hardness of the BC layer and heat ex-
posure time. Heat exposed at (a) 1173 K and (b) 1423 K.

convex region>?.

Figure 5 shows the relationship between the Vickers hard-
ness of the BC layer and the heat exposure time. The Vickers
hardness was measured in the central regions of Zones I and
II on the BC layer. The hardness of an as-sprayed BC layer is
also plotted. In specimens heat exposed at 1173 K, the hard-
ness of Zone I could not be measured due to its low thickness.
In specimens heat exposed at 1423 K, the hardness of Zone I
decreased with increasing heat exposure time (Fig. 5(b)). The
hardness of Zone II, on the other hand, was independent of
heat exposure temperature and time (Fig. 5 (a), (b)). Further-
more, the hardness of Zone II was higher than that of Zone I.
Zones I and II consist of a ' single-phase state and a (y'+8)
two-phase state, respectively. Thus, the observed difference
in hardness may be because the 8 phase has a higher hardness
than the ¥ phase. Further, the change in hardness of Zone I in
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Fig. 6 Typical examples of load-displacement curves of pushout tests.
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Fig. 7 Interfacial shear stress after different heat exposure temperatures
and times.

specimens exposed at 1173 K may indicate almost the same
hardness change in Zone I of the specimens exposed at
1473 K. This may be due to the same phase state in Zones |
and II in each heat exposure condition and almost the same
hardness at Zone II during the heat exposure at 1173 K and
1423 K.

3.2 Delamination under shear loading

A typical load-displacement curve for a pushout test is
shown in Fig. 6. In this case, the specimens were heat ex-
posed for 10 h at 1173 K and 1423 K. At the initial stage of
loading in both specimens, a non-linear regime appeared due
to a change in the compliance of the testing system. After this
non-linear regime, the load increased almost linearly. Then,
the slope of the curve decreased until the maximum load was
reached. Finally, the load dropped to zero, indicating delami-
nation of the coating. Figure 7 shows average delamination
shear stress for different heat exposure times. Three speci-
mens are tested in each heat exposure condition. Shear stress-
es in each condition are within the 20% of the average shear
stress. In the specimen heat exposed at 1173 K, the delamina-
tion shear stress decreased with increasing heat exposure
time. However, when the specimen was heat exposed at
1423 K, the delamination shear stress increased for 50 h of
heat exposure and then decreased with further heat exposure
time. Figure 8 shows typical examples of delaminated re-
gions observed from the sides of the specimens in regions
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Fig. 8 Typical examples of delamination pathways. The specimens were
heat exposed at 1173 K for (a) 10, (b) 50, (c) 100, and (d) 200 h and at
1423 K for (e) 10, (f) 50, (g) 100, and (h) 200 h.

perpendicular to the loading direction (area of ¢ X 2h in
Fig. 1). Delamination was observed at the TBC layer in the
specimen heat exposed at 1173 K (Fig. 8(a)—(d)). The aver-
age thickness of the remaining TBC layer at the substrate
side, hy,o, was measured by drawing 50 equally spaced lines
normal to the BC/substrate interface at 30 um intervals on an
OM photograph showing a polished transverse section of the
coatings. The thickness of the remaining TBC layer was dif-
ferent for different positions. However, hgy decreased with
increasing heat exposure time. Furthermore, hye, was 24.6,
20.7,16.2, and 15.2 ym in specimens heat exposed at 1173 K
for 10, 50, 100, and 200 h, respectively. In specimens heat
exposed at 1423 K, the delamination pathway moved from
the TBC layer to near the TGO layer. Delamination was ob-
served in the TBC layer, TGO layer, or at the TBC/TGO and
TGO/BC interfaces (Fig. 8(e)—(h)). It is difficult to define the
fracture region in the case of delamination in the TGO layer
and at the TBC/TGO interface. Thus, we hereafter express
this as delamination at the TBC/TGO interface. hyeo de-
creased with increasing heat exposure time, and was 8.6, 7.7,
5.4, and 3.9 um in specimens heat exposed at 1423 K for 10,
50, 100, and 200 h, respectively. The fraction of delaminated
area as a function of heat exposure time at 1423 K is plotted
in Fig. 9. The fraction of delaminated area was determined by
measuring the length of the delaminated region parallel to the
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Fig. 9 Fraction of delaminated area as a function of heat exposure time at
1423 K.

BC/substrate interface on an OM photograph showing a pol-
ished transverse section of the coatings after a pushout test.
The total length of the measured delaminated region in each
specimen was approximately 3 mm. In a specimen heat ex-
posed for 10 h, the fraction of TBC layer fracture finc/ic Was
approximately 50%. Further heat exposure decreased this
fraction drastically, and it eventually fell below 10%. On the
other hand, the fraction of TBC/TGO interface fracture fipc/ie0
increased over the first 50 h of heat exposure but then became
almost constant. The fraction of TGO/BC interface fracture
JSigosbe increased linearly with increasing heat exposure time.
Thus, the fracture paths in the present TBCs can be classified
into three types, as schematically illustrated in Fig. 10. Stress
conditions in each layer and substrate before and after the
delamination are also shown in Fig. 10. In bonded area in
each type, TBC and TGO layer shows compressive stress
condition and substrate is showing tensile stress condition. As
for the delaminated area in Type I, stress of delaminated TBC
layer is almost zero. Remaining TBC layer and TGO layer are
under compressive condition and substrate is in tensile condi-
tion. In case of Type II, stress in TBC layer is almost zero and
TGO layer and substrate shows compressive and tensile stress
condition, respectively. Regarding the delaminated area in
Type III, TBC and TGO layer are under tensile and compres-
sive stress condition and stress in substrate is almost zero.
The main fracture path for the specimen heat exposed at
1173 K was Type I, and the TBC layer fractured by connect-
ing the inter-splat boundary, regardless of the heat exposure
time (Fig. 10(a)). In the specimen heat exposed at 1423 K, the
main fracture pathway changed from the TBC layer (Type I)
to the TBC/TGO interface (Type II, (Fig. 10(b))) and TGO/
BC interface (Type III, (Fig. 10(c))) with increasing heat ex-
posure time.

The transition of the fracture pathway from the TBC layer
to near the TGO layer with increasing heat exposure time and
thermal cycling time has been reported not only for Mode I1
loading conditions but also for Mode I and mixed mode load-
ing conditions”?>?%. In wedge impression tests, which may
apply Mode II loading to APS-TBCs, it has been reported that
fracture occurs exclusively at the TBC layer in as-sprayed
TBCs and TBCs with a TGO layer thickness below 5.5 um.
However, when the thickness is greater than 5.5 um, the de-
lamination pathway translates to the TGO layer”. In this
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Fig. 10 Schematic illustration of three types of fracture path: (a) TBC layer
(Type I), (b) TBC/TGO interface (Type II), and (c) TGO/BC interface
(Type III).

study, nearly the same fracture behavior was observed. TBCs
specimens heat exposed at 1173 K had an average TGO layer
thickness of less than 5.5 um, and fracture occurred within
the TBC layer. Specimens heat exposed at 1423 K for more
than 50 h had an average TGO layer thickness of more than
5.5 um. In this case, the fracture mainly occurred near the
TGO layer. In TBCs heat exposed at 1423 K for 10 h, the
fracture occurred both within the TBC layer and near the
TGO layer. This may be due to the scattering of the TGO
layer thickness, as shown in Fig. 4, where the average thick-
ness of the TGO layer was around 5 ym.

3.3 Delamination toughness

In order to measure the interfacial delamination toughness
of TBCs using the pushout method, all of the constituent ma-
terials were assumed to undergo perfectly linear elastic defor-
mation until coating delamination. Furthermore, it was as-
sumed that all of the elastic strain energy stored within the
specimen at maximum load was dissipated to form new de-
lamination surfaces. The BC layer and the substrate were
considered to be the same material because of the similarity
of their chemical compositions. Based on these assumptions,
the interfacial delamination toughness I'; can be given as'*??),
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Table 1 Material properties used for the calculation of delamination tough-
ness.
Young's Coefficient of Thickness
modulus, | Poisson’s | thermal expansion, | of Layer,
Material E / GPa ratio, v @/ 107°K™! h [/ um
TBC 40 0.22 10.7 250
TGO 360 0.22 8] 1.09-12.9
Substrate 197 0.3 16 3000
2 2
(Tbe1)? (0he2)” (0tgo) (o)
I'i~ hiper + hiver + higo+ =7 hs+ 1
* * * g0 % s
2Etbc 2Etbc 2E tgo 2E s
2

where o and h are the in-plane stress parallel to the interface
and the thickness of each layer and the substrate, respectively.
Furthermore, E* = E/(1 —v?) is for plane strain and E* = E is
for plane stress conditions. E and v are Young's modulus and
Poisson’s ratio, respectively. The subscripts “tbcl”, “tbc2”,
“tgo”, and “s” indicate the delaminated TBC (TBC1) layer,
remaining TBC (TBC2) layer, TGO layer, and substrate, re-
spectively. I'y, is the delamination toughness derived from the
bending moment. Generally, the delamination toughness of
interface crack between film and substrate under general edge
loading condition will be calculated by the load parallel to the
interface and the bending moment which will bend the film?.
However, in case of the configuration of the pushout test, con-
tribution of the bending moment to delamination toughness is
low and could be assume as I', ~ 0'?. The in-plane stress of
each layer is given as a summation of the thermal stress and
maximum applied load of the layer, or,

T max

Oibcl = Tipel T Tipel 3
_ T max 4
Tibc2 = Tipey T Tipe2 “
_ T + max (5)

Titgo = Ogo T Tgo

_ T max
Oy =0, 0oy, 6)

The superscripts “T” and “max” indicate the thermal stress
and maximum applied stress from the maximum applied load
in the pushout test, respectively. The in-plane thermal stress
of the TBC1 layer, TBC2 layer, TGO layer, and substrate and
the maximum applied load at which the TBC layer, TBC/
TGO interface, and TGO/BC interface fractured are de-
scribed in the Appendix. The material properties used to cal-
culate the interfacial delamination toughness are shown in
Table 1?®. Here, we assumed that the Young's modulus of
TBC layer is almost constant and may not change sharply
during heat exposure. It is reported that the significant in-
crease of Young's modulus of TBC layer could be seen at tem-
peratures above 1473 K**. However, when it was heated be-
low 1373 K, it seems that the range of Young's modulus in the
TBC layer is small. For the specimen heat exposed at 1173 K,
fracture occurred at the TBC layer (fipe/ic = 100%). In the
specimen heat exposed at 1423 K, the fracture path changes
as shown in Fig. 9. Thus, I, the delamination toughness of the
heat exposed TBCs, is given as,

tbel /tbe2 the wo/b
I'= ftbc/tbc S b /tbe + ftbc/lgo B ftgo/bc B @)

L L 1
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Fig. 11 Delamination toughness for various heat exposure temperatures
and times.

tbe/tg tgo/b . . .
where F;bcu tbe2. I /€ and l"fo/ © are the interfacial delami-

nation toughness for fracture at the TBC layer, TBC/TGO
interface, and TGO/BC interface, respectively.

Figure 11 shows the change in delamination toughness af-
ter different heat exposure times at 1173 K and 1423 K. It can
be seen that most of the specimens that were heat exposed at
1173 K had a lower toughness than specimens that were heat
exposed at 1423 K. When the specimens were heat exposed at
1173 K for 10 h, the delamination toughness indicated the
maximum value of ~92 J-m~2. With the increase in heat expo-
sure time, the toughness decreased to ~11 J-m~2 after 200 h of
heat exposure. Specimens heat exposed at 1423 K for 10 h
had a toughness of ~115J-m~2. 50 h of exposure increased
the toughness to ~211 J-m~2. Increasing the exposure time
further decreased the toughness to ~74 J-m~2 after 200 h of
heat exposure. A similar increase and then decrease of tough-
ness with increasing exposure time was also reported for EB-
PVD TBCs under mode II loading conditions'?.

As shown in Fig. 8, the fracture of the TBC specimen that
was heat exposed at 1173 K occurred within the TBC layer.
With increasing exposure time, the thickness of the TGO lay-
er increased (Fig. 4) and the thickness of the remaining TBC
layer decreased. Thus, the decrease in delamination tough-
ness with increasing exposure time may be due to an increase
of the residual stress in the TBCs by the formation and growth
of the TGO layer. In the specimen heat exposed at 1423 K for
10 h, the fraction of fracture in the TBC layer was approxi-
mately 50%. However, further heat exposure may cause the
fracture path to move closer to the TGO layer. Thus, the de-
crease in toughness after 50 h of heat exposure may also be
due to the increase in the residual stress of the TBCs because
of the TGO growth.

On the other hand, the delamination toughness increased
with increasing heat exposure time when the specimens were
heat exposed for up to 50 h at 1423 K. Increasing TBC tough-
ness with increasing aging time was also reported in four-
point bending experiments under mixed mode loading condi-
tions?®). This increase was attributed to sintering of the TBC
layer, as the fracture path was mainly within the TBC layer. In
our research, the sintering of the TBC layer during heat expo-
sure at 1423 K was also observed. However, in the fracture of
the specimen heat exposed at 50 h, the main fracture pathway
was near the TGO layer and the fraction of TBC layer fracture
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was only 11%. Due to this difference in the main fracture
path, the sintering of the TBC layer is unlikely to be the main
reason for the increase in fracture toughness in this experi-
ment. Recently, the delamination toughness of APS-TBCs
that were heat treated in a vacuum at 1413 K was measured
under mode II loading conditions?. Increasing delamination
toughness and decreasing BC layer hardness were reported
with increasing heat treatment time. Furthermore, the hard-
ness of Zone I in the BC layer of a 50 h heat exposed speci-
men was lower than that of a 10 h heat exposed specimen.
Therefore, the effects of plastic dissipation due to plastic de-
formation at the plastic zone of the BC layer may increase the
delamination toughness with increasing heat exposure time
up to 50 h. However, there is no evidence that plastic defor-
mation actually occurs at BC layer when a crack propagates
in the TBC layer or at the TBC/TGO interface near the BC
layer. Further research is required for a more detailed under-
standing of this phenomenon.

4. Conclusions

The effects of heat exposure temperature on the mechani-
cal and delamination properties of air plasma-sprayed ther-
mal barrier coatings (APS-TBCs) were studied experimental-
ly. The Vickers hardness of the BC layer adjacent to the TBC
layer and the substrate (Zone I) decreased with increasing
heat exposure time. In Zone II, which existed in between
Zone 1, the Vickers hardness was independent of heat expo-
sure temperature and time. The hardness of Zone II was high-
er than that of Zone 1. This was because the 8 phase was hard-
er than the ' phase. The fracture pathways in APS-TBCs can
be classified into three types: TBC layer (Type I), TBC/TGO
interface (Type II), and TGO/BC interface (Type III). The
main fracture path for specimens heat exposed at 1173 K was
within the TBC layer (Type I). The average thickness of the
remaining TBC layer decreased with increasing heat expo-
sure time. In specimens heat exposed at 1423 K, the main
fracture pathway moved from the TBC layer (Type I) to the
TBC/TGO interface (Type II) and TGO/BC interface (Type
IIT) with increasing heat exposure time. Most of the speci-
mens heat exposed at 1173 K had a lower delamination
toughness than specimens heat exposed at 1423 K. The de-
lamination toughness decreased monotonically with increas-
ing heat exposure time when the TBCs were heat exposed at
1173 K. The delamination toughness increased during the
first 50 h of heat exposure at 1423 K, but decreased with ad-
ditional heat exposure time. The decrease in toughness at
both heat exposure temperatures might be due to an increase
in the residual stress of the TBCs caused by the formation and
growth of the TGO layer. The increase in toughness was
probably an effect of plastic dissipation due to the decreased
hardness of the BC layer.
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Appendix

The interfacial delamination toughness I'; of TBCs was as-
sumed to satisfy small scale yielding. Thus, the interfacial
delamination toughness can be calculated as a balance be-
tween the stored strain energy per unit area of the TBCs in the
bonded area and that in the delaminated area (Fig. 10). The
stored strain energy per unit area of the TBCs is given by the
thermal stress and maximum applied stress of the TBC layer,
TGO layer, and substrate. Furthermore, the thermal stresses
of the TBC layer, TGO layer, and substrate are assumed to
derive from the thermal expansion mismatch between the lay-
ers. Here, the thermal stresses and maximum applied stresses
in each layer and substrate in the bonded and delaminated
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areas are given for various situations described below as cases
Al to A4d.

Al In-plane thermal stress along the interface of each
layer and substrate on fully bonded TBCs

The in-plane thermal stresses of the TBC layer, TGO layer,
and substrate on a fully bonded TBC are given by

AT[E b (@, = @gon)
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where (o-tbcl)+ (cJ'tbcz)Jr (o-th)Jr and (o{)* indicate thermal
stresses in the TBC layer, TGO layer, and substrate. E* = E/
(1 =v?) and o* = 1 + « for plane strain and E* = E and o* = «
for plane stress. E and « are the Young's modulus and the
thermal expansion coefficient, respectively. Subscripts “tbc1”,
“tbc2”, “tgo”, and “s” refer to the TBCI layer, TBC2 layer,
TGO layer, and substrate, respectively. These values are as-
sumed to be independent of temperature. AT is the tempera-
ture difference, which was assumed to be —400 K.

(chr =

tbcl tbe2

T)+

A2 In-plane thermal stress along the interface of each
layer and substrate after delamination of the TBC
layer and the maximum applied stress in the TBC
layer, TGO layer, and substrate

The in-plane thermal stresses of the TBC layer, TGO layer,
and substrate after delamination within the TBC layer on the

TBCs are given by

(g-g)cl)‘ = (A2-1)
(oF )y =- Eper AT [Egougo( @y ~Qigo) + Ehs(@ey ~igo)]
the2 Ej ot Egohigo+Eshs
(A2-2)
oy = thAT[Etbczhlbcz(atbcz a/;‘go) + E hg(a; — a/fgo)]
tg() Ibczhtbcz + E[gohtgo + E h
(A2-3)
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s lethbC2 + Etéohlgo + E;hs '
(A2-4)

The in-plane maximum applied stresses of the TBC layer,
TGO layer, and substrate can be described as
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where oY, o, {gg", and o7'* indicate the maximum ap-

plied stresses of the TBC layer, TGO layer, and substrate. P
and w are the applied load and width of the pushout speci-
men, respectively (Fig. 1).

A3 In-plane thermal stress along the interface of each
layer and substrate after delamination at the TBC/
TGO interface and the maximum applied stress of
the TBC layer, TGO layer, and substrate

The in-plane thermal stresses of the TBC layer, TGO layer,
and substrate after delamination at the TBC/TGO interface
on the TBCs are given by

(Ohe)” = (A3-1)
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The in-plane maximum applied stresses of the TBC layer,
TGO layer, and substrate are given by
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A4 In-plane thermal stress along the interface of each
layer and substrate after delamination at the TGO/
BC interface and the maximum applied stress of the
TBC layer, TGO layer, and substrate
The in-plane thermal stresses of the TBC layer, TGO layer,
and substrate after delamination at the TGO/BC interface on
the TBCs are given by
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The in-plane maximum applied stresses of the TBC layer,
TGO layer, and substrate can be described as
E: Eh P
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