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A B S T R A C T

Both thermal cyclic lifetime and thermal barrier performance are essentially important to the application of
thermal barrier coatings (TBCs). In this study, equivalent thermal insulation conception is introduced to the
design of TBCs to fairly compare different structured TBCs. Dense vertically crack (DVC) structured TBCs and
the lamellar structured TBCs with same top coat thickness of 1000 µm (D1000 and L1000), and lamellar
structured TBCs with 570 µm (L570, equivalent thermal insulation performance with D1000) top coat were
prepared. Their lifetimes were evaluated under gradient thermal cyclic test. D1000 TBC shows a rather longer
lifetime than L1000 TBC because of the alleviation of vertically cracks, but D1000 TBC possesses a much lower
thermal barrier performance than L1000 TBC due to the dense structure of D1000 TBC. However, for the TBCs
with the same equivalent thermal insulation performance, L570 TBC presents a more than two times longer
lifetime than D1000 TBC. TGO thickening and phase transformation were proved not responsible for the failure
of L1000 and D1000 TBCs in the present condition. The in-plane elastic modulus and Vickers hardness across
top coat thickness were examined, and the results proved that the mechanical evolution of the top coat after
high temperature exposure resulting in the competition between driving force and cracking resistance
dominates the failure behavior of TBCs. This study is beneficial for the comprehensively understanding of
the failure behavior of DVC and lamellar structured TBCs, and thereby shed light to further coating structure
optimization and design innovation.

1. Introduction

Thermal barrier coatings (TBCs) are frequently used to provide
thermal and corrosion protections for the metallic hot-section
components of both aircraft engines and land-based gas turbines
to achieve higher turbine inlet temperature and extended durability
[1–4]. The TBC system consists of a nickel or cobalt based super-
alloy; a substrate-composition-similar, MCrAlY(M = Ni, Co, NiCo,
CoNi) or NiAl-based bond coat (BC); a ceramic coat on the top of
the TBC system to provide thermal protection for the substrate
[5,6]. 7–8 wt% yttria-stabilized zirconia (8YSZ) is the state-of-the-
art top coat TBC material, primarily due to its low thermal
conductivity, high toughness and high coefficient of thermal
expansion (CTE) [7–10].

Air plasma spraying is a most important method used for TBC
top-coat deposition [8,11]. APS TBCs have the favorable lamellar
microstructure (contributes to approximately half more drop as

respect to its corresponding bulk material in the through-thickness
direction) to provide a good thermal insulation performance
[1,12,13]. However, during extended time high temperature ex-
posure, the sintering of ceramic coating inevitable happened,
companying the partial disappearance of the lamellar microstruc-
ture, leading to significant stiffening of the top coat. This has a
great contribution on the driving force for the premature failure of
TBCs [14,15].

Vertical micro cracks are deliberately introduced in the ceramic
top coat to relieve stresses of TBC system during high temperature
exposure which named DVC (dense vertically-cracked) TBCs
[16,17]. It has been reported that the DVC structure extended the
TBC lifetime compared with the same top coat thickness [18,19].
The prime characteristic of DVC TBCs is the vertically micro cracks
in the top coat, which relieve stresses and at the same time, weaken
the thermal insulation performance of TBCs. Therefore, DVC TBCs
are always been deposited with a thicker top coat to ensure the
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thermal insulation performance. For DVC TBCs, the unique micro-
structures can be achieved under conditions involving plasma
spraying at high power, high powder flow rates, carefully controlled
spray distances, or relatively high substrate temperatures (e.g., >
400 °C) [20,21]. Under the condition mentioned above, the coating
may have a density greater than about 88% of theatrical to ensure
the homogeneous formation of vertical cracks [16]. This increases
the bond strength of top coat and may extend the TBC lifetime at a
certain degree.

Lamellar structured TBCs shows an excellent thermal barrier
performance when compared with the DVC TBCs [19,21,22],
however, the stress during high temperature exposure may not be
relieved readily. This may be an inducement for the failure of TBCs.
The vertically cracks in the DVC system can effectively absorb the
stress [23,24] caused by the sintering effect, and at the same time,
the dense microstructure is favorable for the increase of cracking
resistance. In most cases, DVC TBCs were compared with the
lamellar ones under the condition of some top coat thickness
[18,19]. It should be well addressed that the dense structure of
DVC TBC significantly reduces the thermal barrier performance. In
order to possess the same thermal barrier performance as lamellar
structured TBC, DVC TBC has to increase the top coat thickness.
However, this, in turn, increases both the preparation cost and the
weight of hot section parts, which are definitely not expected.

In this study, DVC structured and lamellar structured TBCs were
prepared under the premise of same top coat thickness and thermal
insulation performance. The main objective of the present work is to
comprehensively understanding the failure behavior of DVC and
lamellar structured TBCs.

2. Experimental procedure

2.1. Material and preparation

The dense vertically-cracked plasma-sprayed coatings used in this
study were supplied by a commercial coating manufacturer. For the
lamellar structured TBCs, a commercial spherical YSZ powder (Sulzer
Metco 204NS-G, −125 + 11 µm) were used to deposit the ceramic top
coat by an APS system (GP-80, JiuJiang, China). The spray parameters
were shown in Table 1. Prior to the deposition of the top-coat, a
commercially available NiCoCrAlTaY powder (Amdry 997, −37+9 µm,
Sulzer Metco, Westbury, NY) was used as the bond coat. YSZ and
NiCoCrAlTaY powder was shown in Fig. 1(a) and (b), the inset shows
the hollow cross section of a powder particle. The bond coat was
deposited on a nickel-based superalloy (Inconel 738, Φ25.4 mm ×
3 mm) substrate. In order to reduce edge effects, the rim of the
substrate was rounded. The bond coat was deposited to approximately
150 µm by a low pressure plasma spraying (LPPS) system. Table 2
shows the spraying parameters of LPPS. The thickness of top-coat was
approximately 1000 µm and 570 µm. Before the deposition of top-coat,
the as-prepared samples with bond-coat were subjected to a preheat-
treatment to forming a dense and connective Al2O3 TGO. The preheat-
treatment process consists of two steps, namely, a pre-diffusion
procedure (1080 °C +4 h, O2 ≤ 0.01 ppm) following by a pre-oxidation
procedure (1080 °C +4 h, O2 ≈ 10 ppm).

2.2. Characterization

The cross-sectional microstructure of the coating was investigated
using a scanning electron microscope (SEM) system (TESCAN MIRA 3
LMH, Czech Republic). Before obtaining the section of samples for a
metallographic examination, the samples were infiltrated with epoxy
adhesive in vacuum to protect the coatings from any artifact destruc-
tion during the sample preparation. The phase composition of YSZ
coatings before and after thermal cyclic test was characterized by an x-
ray diffraction (XRD, Bruker, D8 Advance, Germany) system. The
porosity of the different regions of top-coat was determined by image
analysis. The cross-sectional Vickers hardness was determined by a
micro-Vickers Indenter (BUEHLER MICROMET5104，Akashi
Corporation，Japan). The hardness tests were performed at a test
load of 300 g and holding time of 30 s. The in-plane Young's modulus
of top-coat was measured by a Knoop indentation method. The
parameters and the test system were the same with the measurement
of microhardness.

2.3. Thermal cyclic test

To simulate the actual service condition and embody the thermal
gradient across the TBCs, a gas burner test setup was designed for the
thermal gradient cyclic test (Xi’an Jiaotong University, China). The
preset temperature of 1150/940 °C were used to carry out the tests
(1150 °C at top coating surface and 940 °C at backside surface, the
bond coat temperatures were about 1000 °C.). Mass flowmeters with
accuracy 0.1 SLM were employed to ensure the stability of the flame.
The temperature gradient was controlled by adjusting the flow ratio of
propane and oxygen. The temperatures of the specimen at surface and
backside were monitored by non-contact infrared thermometers with
wavelengths of 8–14 µm and 1.6 µm, respectively. The emissivity for
YSZ and superalloy substrate was calibrated to be 1 and 0.91 according
to their wavelength, respectively. The lifetime of TBCs was defined as
the thermal cyclic lifecycles when 10% area delamination of the top
coat was observed. One thermal cycle was defined as follow: heating
process, the sample surface were heated to the range of preset
temperature of 1150 ± 30 °C (about 70 s); the holding process, the
temperature of sample surface sustain at 1150 ± 30 °C (about 50 s); the
cooling process, the temperature of sample surface drop from 1150 ±
30 °C to about room temperature (about 120 s).

3. Results and discussion

3.1. The design principle of TBCs

Thermal insulation performance is one of the fundamental func-
tions for thermal barrier coatings. In our previous study, “thermal
resistance” is introduced to evaluate the thermal insulation effect of the
thermal insulation performance of TBCs, and it is expressed as [25]:

R δ
λA

=
(1)

where δ is the thickness of top coat, λ is the thermal conductivity and A
is the area normal to the heat flow. For the specific TBCs, “thermal
barrier performance” is a parameter independent on the area A, hence
we introduce the unit thermal resistance (UTR) as an intrinsic
parameter to describe the thermal insulation performance of TBCs, it
can be expressed as

δ
λ

UTR =
(2)

The thermal conductivity of DVC and lamellar structured YSZ top
coat is taken as 1.75 Wm−1K−1 [19] and 1 Wm−1K−1 [22]. Under the
principle of same unit thermal resistance, the thermal insulation effect
of 1000 µm DVC YSZ is equal to 570 µm lamellar structured YSZ. In

Table 1
Parameters of air plasma spraying for top coating.

Parameters YSZ (Lamellar)

Arc current, A 650
Arc voltage, V 60
Primary plasma gas (Ar) flow, L/min 50
Secondary plasma gas (H2) flow, L/min 7
Spray distance, mm 80
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this study, TBCs with same unit thermal resistance and thickness were
prepared to comprehensively understanding the failure behavior of
DVC and lamellar structured TBCs and provide further coating
structure optimization solutions.

Fig. 2 shows three different groups of as sprayed TBCs, namely,
1000 µm lamellar YSZ TBCs (Fig. 2(a)), 1000 µm DVC YSZ TBCs
(Fig. 2(b)), and 570 µm lamellar YSZ TBCs (Fig. 2(c)). In order to
identify the three different groups of TBCs briefly, we name them with
L1000, D1000, and L570. The TBCs were compared under the
condition of same top coat thickness and unit thermal resistance. It
is seen from the high magnified images of Figs. 2(d) and 2(c) that, the
top coat shows a typical lamellar microstructure. The microstructure of
DVC top coat is much denser. We examined the elastic modulus and

porosity of the lamellar structure and DVC structure, shows in Table 3.
It is seen that the value of elastic modulus and porosity of the two
groups of TBCs are fairly close, (E: 63.9 ± 6.1 GPa and 64.1 ± 4.8 GPa
for L1000 and L570, P: 12.1 ± 1.4% and 11.8 ± 0.6% for L1000 and
L570). The DVC structure shows a higher elastic modulus (82.4 ±
7.1 GPa) and lower porosity value (7.1 ± 0.9%).

3.2. Thermal cyclic behaviors

Fig. 3 shows the lifetimes of different groups of TBCs after
gradient cyclic test. Three samples were tested for each group, and
the lifetime is the mean value. It is found from Fig. 3 that, the
lifetime of dense vertically cracked TBC is about 2040 cycles, which
is much longer than that of lamellar structured ones with same top
coat thickness, proving that the DVC TBC is an effective way to
prolong the TBC lifetime under this condition. It is identical with
the results of the literature relevant to lifetime of DVC and lamellar
TBCs [19,21,26]. However, the vertically cracks and dense struc-
ture weakened the thermal insulation performance, and it is
reported that the thermal conductivity of DVC YSZ is about
75~80% higher than that of standard lamellar YSZ [19,21]. As
mentioned above, we used the unit thermal resistance (UTR) to
evaluate the thermal insulation performance of TBCs. L570 has the
same UTR with D1000, but L570 shows no obvious sign to damage

Fig. 1. Morphology of the spherical spraying powders used for top coat (a) and bond coat. The inset shows the cross section of an individual powder.

Table 2
Parameters of low-pressure plasma spraying for bond coat.

Parameters Value

Arc current, A 575
Arc voltage, V 150
Plasma gas (Ar) flow, L/min 40
Plasma gas (H2) flow, L/min 6
Powder feeding gas (Ar) flow, L/min 1
Chamber pressure, kPa 15
Spray distance, mm 280

Fig. 2. Microstructure of TBCs with same top coat thickness (L1000 and D1000) or UTR(L570 and D1000). (a) 1000 µm lamellar (L1000), (b) 1000 µm DVC(D1000), (c) 570 µm
lamellar (L570).
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or spall off even the thermal cyclic test proceeded more than 4000
cycles. Under the condition of same UTR, the lifetime of L570 is at
least two times higher of that DVC TBCs.

3.3. Failure mode

In order to clarify the failure mode of the three groups of TBCs,
the cross sectional SEM images after different cyclic tests were
examined. As is shown in Fig. 4, the low and high magnified images
are shown to examine the specific failure mode. It is shown in
Fig. 4(a) that, after about 203 cyclic tests, the whole top coat of
L1000 spalled off, and the failure happened at the bond coat/top
coat interface (shows in Fig. 4(d)). For the D1000 TBCs, it is seen
from Fig. 4(b) that, although the failure happened near bond coat/
top coat interface, there still remain a thin layer of 60–80 µm YSZ
attached on the bond coat (shows in Fig. 4(e)). It may attribute to
the dense structure increased the bond strength to the bond coat.

For the L570 TBCs (shows in Fig. 4(c)), after more than 4000 cycles
thermal cyclic test, the TBCs shows no obvious damage and the
lifetime has reached nearly double of the D1000 TBCs.

3.4. TGO thickness

It has been reported that TGO growth is one of the dominant factors
leading to the failure of TBCs [27,28]. During long time high
temperature exposure, TGO growth is inevitable. But if the TGO
thickness is not beyond the critical value of 5–6 µm, TGO thickening
is not considered to be a dominant factor responsible for the failure of
TBCs [29,30]. In this study, the as prepared samples with bond-coat
were subjected to a two steps preheat-treatment to forming a dense and
connective Al2O3 TGO. This will sharply decrease the growth rate of
TGO [31]. We examined the TGO thickness of different group of TBCs
after different cyclic tests, as is shown in Fig. 5. It is seen from Fig. 5(a)
and (b) that, the TGO thickness are only 0.41 ± 0.04 µm and 0.96 ±
0.14 µm after thermal cyclic tests to failure, respectively. It is far below
the critical value of 5–6 µm. For L570 TBCs, the TGO thickness is 1.1 ±
0.11 µm, shows in Fig. 5(c) and L570 survived more than 4000 cyclic
tests. It is reasonable to believe that TGO thickening is not responsible
for the failure of L1000 and D1000 TBCs.

3.5. Phase compositions of the top coat

For YSZ TBCs, phase transformation is considered to be another
crucial factors leading to the failure of TBCs. The phase transformation
from the as sprayed nontransformable t′ phase to tetragonal t phase
and cubic phase (c-phase), and then from t phase to monoclinic phase
(m phase) during long-term thermal exposure and cooling. The phase
transformation from tetragonal t phase to monoclinic m phase
accompanies 3–5% volume expansion, which may cause the failure of
TBCs [32,33]. Fig. 6 shows the phase compositions of YSZ top coat for
the as sprayed and after different thermal cyclic tests state. It is seen
from Fig. 6 that, no obvious phase transformation are found for the
L1000 and D1000 TBCs. Very little monoclinic phase peaks are found,
but these peaks are even found in the as sprayed state. It is reasonable
to believe that the high temperature exposure in this study did not
cause the phase transformation of YSZ coatings, and phase transfor-
mation is not responsible for the failure of TBCs (Fig. 7).

Table 3
Elastic modulus (in-plane) and porosity of the as sprayed TBCs.

Samples E (GPa) Porosity (%)

Lamellar 1000 µm 63.9 ± 6.1 12.1 ± 1.4
DVC 1000 µm 82.4 ± 7.1 7.1 ± 0.9
Lamellar 570 µm 64.1 ± 4.8 11.8 ± 0.6

Fig. 3. Lifetimes of the TBCs after different cyclic test.

Fig. 4. Cross sectional images of different groups of TBCs after different cyclic tests.
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3.6. Mechanical evolution caused by the sintering of top coat

Under the real service conditions, TBCs are exposed to high
temperature, which inevitably leading to the sintering of the ceramic
top coat. Elastic modulus and hardness are often introduce to evaluate
the degree of sintering [34–36]. The in-plane direction elastic modulus
were employed to evaluate the sintering degree of different group of
TBCs. Since the vertical cracks is a kind of special edge, the indentation
on vertical cracks is lack of accuracy. Therefore, for D1000 coatings,
only the elastic change on comparatively integrate part were inden-
tated. Fig. 8 shows the elastic modulus and hardness of different groups
of TBCs before and after thermal cyclic tests. It is seen from Fig. 8(a)
that, the elastic modulus of the as sprayed lamellar structured L1000
and L570 are 63.9 ± 6.1 GPa and 64.1 ± 4.8 GPa, respectively. And for
the DVC structured YSZ top coat, the elastic modulus of the as sprayed
state is 82.4 ± 7.1 GPa, which is higher than that of lamellar YSZ. The

higher modulus is related to the dense structure resulting from the top
coat preparing process. With the proceeding of thermal cyclic tests, the
elastic modulus of L1000 increased to 81.3 ± 10.6 GPa when the top
coat spalled off the substrates, however, that of D1000 increased to
107 ± 10.0 GPa when the TBCs failure happens. It can be speculated
that, the as sprayed D1000 presents a relatively high level of modulus
result in a higher sintering start point. And on the other hand, the
vertically cracks alleviated the strain caused by sintering process, which
enable the top coat survived a longer high temperature exposure and
may shrink freely to some degree. This eventually led to the high
modulus of D1000 top coat. As for the L570, the elastic modulus of the
top coat increased to 94.2 ± 9.8 GPa when the thermal cyclic tests
proceeded more than 4000 cycles. However, the L570 shows no
obvious failure and it has been confirmed from the high magnified
images near TGO in Fig. 4(f). We believed that, the relative thinner top
coat reduced the stress level of the TBC system, and eventually extend
the thermal cyclic lifetime. As a result, we presented the modulus of
L570 with narrow columns showing the low level TBC system stress.
Fig. 8(b) shows the hardness of different groups of TBCs before and
after thermal cyclic tests, it presents nearly a same trend with elastic
modulus. It is believed that, the sintering of top coat mainly respon-
sible for the failure of 1000 DVC and lamellar TBCs.

3.7. Analysis of thermal cyclic behavior

After investigating the thermal cyclic behavior of different struc-
tured TBCs, at least three aspects can be clearly distinguished. For the
failed L1000 and D1000 TBCs, the thickest TGO thickness is 0.96 ±
0.14 µm, far below the critical thickness causing the top coat delamina-
tion. YSZ top coat shows no distinct phase transformation. The elastic
modulus and hardness increased to different degrees after different
thermal cyclic tests.

In this study, during the high temperature exposure process, the
mechanic evolution dominate the failure behavior of the TBCs,
specifically, the competition between the cracking driving force and

Fig. 5. Cross sectional images of near thermal grown oxide after different thermal cyclic test. (a) L1000, (b) D1000, (c) L570.

Fig. 6. XRD patterns of the YSZ top coat before and after thermal cyclic tests.

Fig. 7. Elastic modulus (a) and Vickers hardness (b) of the top-coat before and after thermal cyclic tests.
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the cracking resistance dominates the failure behavior. In order to
analysis the failure behavior of the different group of TBCs, the strain
energy release rate, Gh, is introduced to describe the driving force
qualitatively, shows as follow:

∫G E ε
ν

dx=
2(1 − )

h

h
0

2

(3)

where h is the top coat thickness, E is the elastic modulus, ε is the
strain, ν is the Poisson's ratio.

In this study, the relative thin layer of ceramic top coat is just from
570 to 1000 µm. However, the substrate is often several millimeters,
for example 3.150 mm (738 alloy plus the bond coat) in this study. It is
about 3–5 times thicker than top coat. What's more, the elastic
modulus of YSZ is about less than 100 GPa due to porous structure,
but the elastic modulus of superalloy is about 200 GPa, which is much
higher than that of top coat. Therefore, it is the substrate dominates the
strain of the TBC system. For the as-sprayed TBCs, there is a residual
tensile stress in the top coat, and during thermal cycle test, the tensile
stress increases. Therefore, the strain in top coat surface is always
positive, and the negative strain should appear in the inner substrate.
In a word, the strain in the top coat is always positive. Combining the
expression of strain energy release rate in Eq. (1), it can be conclude
that Gh increase with the coating thickness. We describe the mechanic
evolution process of different groups of TBCs in Fig. 8. TBCs failed
when the driving force is beyond the cracking resistance. It is seen from
Fig. 8 that, the start point of the different groups of TBCs lies at
different levels. D1000 shows the highest driving force level because of
the relative thicker top coat thickness. Besides, the high level elastic
modulus resulting from the preparing process increases the Gh to some
degree, which leads to D1000 showing the highest driving force at the
as sprayed state. For L1000, except for the thick top coat, the lamellar
structure presents a porous feature and shows a lower modulus value.
This is the reason for L1000 shows a lower driving force. L570 has the
thinnest thickness and lamellar structure, which sharply decreased the
driving force at the as sprayed state.

As we mentioned above, high temperature exposure inevitably
caused the sintering of YSZ, and result in both the increase of driving
force and cracking resistance. We showed the competition relationship
of them during thermal cyclic test in Fig. 8 L1000 TBCs failed at 203
cycles, the thick top coat bring the TBC system high level of driving
force and accumulated at the top coat/bond coat interface, and the
driving force increased rapidly at the very beginning according to the
our report on the two-stage sintering mechanism for TBC [37,38]. On
the other hand, the cracking resistance of lamellar structured top coat
stay at a low level and increased slower than the driving force.
Therefore, when the driving force catches up or beyond the cracking
resistance, L1000 failed. The lifetime of D1000 is rather higher than

that of L1000, it is consistent with the report [18,19]. The dense top
coat makes the driving force and the cracking resistance of D1000
higher than that of L1000. However, both of them increases slower
because the sintering process has reached to the sintering stage II, a
lower increasing rate. What's more, with the alleviation of vertically
cracks, the rising of driving force was hindered. We believe the
competition between driving force and cracking resistance sustains
for a longer time and result in the extent of D1000 lifetime compared to
L1000. What's more, we believe the vertically cracks accelerate the
failure process at the later period of failure when they connected with
the transverse cracks. At last, for L570 TBCs, the start driving force
stays at a very low level because of the thinnest top coat thickness. With
the proceeding of thermal cyclic test, both of driving force and cracking
resistance increased. It takes a long time for the driving force catching
up with the cracking resistance. L570 not failed after more than 4000
cyclic test.

4. Conclusions

In this study, three groups of YSZ TBCs with same top coat
thickness and equivalent thermal insulation performance were de-
signed and prepared, and they were also subjected to thermal gradient
tests, with the aim to comprehensively understanding of the failure
behavior of DVC and lamellar structured TBCs.

The following conclusions could be obtained from this work:

(1) Equivalent thermal insulation conception is introduced for the
design of thermal barrier coatings. Lamellar structured TBCs
showed more than double lifetime of DVC TBCs under equivalent
thermal insulation condition, although the DVC TBCs extend the
lifetime of lamellar TBCs with same top coat thickness.

(2) L1000 TBCs failed at top coat/bond coat interface due to the large
driving force at the as sprayed state, and D1000 failed inner top
coat because of the alleviate of vertically cracks and dense
structure. L570 shows no obvious failure after more than 4000
thermal cyclic tests.

(3) The maximum thickness of TGO in the failed TBC samples is
0.96 µm, being far less than the critical value causing the failure of
TBCs through complete delamination of the top coat. In addition,
there was no obvious phase transformation during thermal cyclic
test. Therefore, the TGO thickening and phase transformation were
not the essential reasons responsible for the failure of TBC in the
present study.

(4) The competition between driving force and cracking resistance
dominate the lifetime and failure behavior of different structured
TBCs. New design criteria should be founded based on the thermal
insulation performance.
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