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Abstract
In this research, thermal cyclic fatigue (TCF) behavior of a compositionally graded 
layer (CGL) nanostructured coating was investigated and compared with the TCF 
behavior of a micro-CGL coating. The layers, as a thermal barrier coating (TBC), 
were made from nanostructured and/or conventional micro-sized yttria-stabilized 
zirconia (YSZ) and NiCrAlY powders. According to the composition of each layer, 
a certain ratio of YSZ/NiCrAlY powder was mixed and deposited by air plasma 
spray process on IN 738-LC as a substrate. In order to investigate the effect of tem-
perature on the lifetime of coatings, TCF tests were conducted at two different high 
temperatures (900 and 1100 °C). These tests were done by holding the samples at 
the mentioned temperatures for 1 h and then fast cooling to 100 °C by compressed 
air for 10 min. Microstructural evaluation showed that there were some differences 
between the damage mechanisms of these two groups of compositionally graded 
TBCs. The results also showed that the average thermal cyclic lifetime of nanostruc-
tured compositionally graded TBCs is approximately 1.6 times higher than that of 
the micro-one. Moreover, it was indicated that the presence of much more spinel 
oxide regions formed at higher temperature has a remarkable effect on the lifetime 
of compositionally graded TBCs.
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Introduction

Thermal barrier coatings (TBCs) are applied on hot components of gas turbines 
and diesel engines in order to improve their performance against the harsh environ-
ment [1, 2]. One of the main methods for preparing this kind of coatings is atmos-
pheric plasma spraying (APS) which has found considerable applications due to its 
lower cost, higher process flexibility, lower as-sprayed thermal conductivity, and 
better usability [3]. Common double-layer TBC systems consist of an alloy bond 
coat (MCrAlY, M = Ni and/or Co) which protects the surface against oxidation and 
a ceramic top coat as the thermal insulation layer. Yttria-stabilized zirconia (YSZ) 
is the most common material which has been widely used as the ceramic top coat 
in the TBCs due to its special properties such as high coefficient of thermal expan-
sion (CTE), phase stability in the desired temperature range and low thermal con-
ductivity [4–8]. The CTE difference between metallic and ceramic layers of TBCs 
produces stress at the alloy/ceramic interface in the high-temperature applications 
[9, 10]. During long-term high-temperature exposure, thermally grown oxide (TGO) 
layer forms at the top coat/bond coat interface, which intensify thermal mismatch 
and is a factor for producing more stress in TBCs [11].
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It is noteworthy that the thermal cyclic fatigue (TCF) loading involved during 
gas turbine operation results in severe conditions such as bond coat oxidation, ther-
mal shock, and imposed stress due to the growth of oxidation layer. The mentioned 
phenomena can severely affect the coating lifetime. Compositionally graded layer 
(CGL) coatings have been proposed in order to decrease thermal expansion mis-
match between ceramic and metal layers of TBCs. These coatings can be obtained 
by gradual changes in the composition of neighboring layers. Mixing different ratios 
of the band coat to the top coat powders is a practical way to reach this goal [12]. 
In this kind of coating, the gradient distribution and the presence of a thinner TGO 
layer at the alloy/ceramic interface (compared with the common double-layer TBCs) 
can reduce the imposed stresses in TBCs [13].

In addition to the performing of CGL coating method, using nanostructured YSZ 
coating is also taken into account as another solution for improving the performance 
of TBCs. Nanostructured coatings exhibit a bimodal microstructure due to the pres-
ence of semi-molten nanostructured powder (nanozone) embedded in fully molten 
powder [14–19]. The nanozones are obtained using a porous nanostructured feed-
stock which is only partially melted during deposition by APS process. In nano-
structured feedstock, partially melting can be related to the porosities formed by 
the cluster agglomeration acting as a barrier against heat transfer from the plasma 
jet to the inner core of feedstock [20]. On the other hand, since APS parameters 
specify the melting degree of nanostructured feedstock, these parameters can signifi-
cantly affect the amount of nanozones. Presence of these porous zones is necessary 
to achieve excellent thermal and mechanical properties [15]. Increased compliance 
capability of the nanostructured coating and consequently its better performance 
during thermal exposure is as a result of the extra source of porosity associated with 
the nanozones [16].

Although many considerable efforts have been devoted to improve TBCs perfor-
mance at high-temperature exposure by applying nanostructured YSZ as a ceramic 
layer [14, 17, 21] and using conventional YSZ/NiCrAlY CGL-TBCs [22, 23], there 
is no study on thermal cyclic fatigue resistance of nanostructured YSZ/NiCrAlY 
CGL-TBCs. Therefore, in the present study, a nanostructured compositionally 
graded YSZ/NiCrAlY coatings as well as, a micro-CGL coatings were produced by 
APS method and were exposed to TCF procedure. In order to explore the damage 
formation mechanism and also to compare the lifetime and the performance of these 
two kinds of coatings, microstructural analyses and in situ photography after TCF 
testing were applied.

Experimental Procedures

Feedstock and Thermal Spraying

The Ni-based superalloy IN-738LC was used as the substrate material. Two TBC 
feedstock powders, conventional YSZ (Metco 204 NS-G) and nanostructured 
YSZ (Nanox S4007) were used. The latter one was produced by manufacturer via 
agglomeration of individual nanosized particles. Moreover, a NiCrAlY (Amdry 
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962) was used as the bond coat. The specifications of the used feedstock powders 
are given in Table 1.

The surface morphology of the conventional and nanostructured YSZ feedstock 
powders with spherical geometry are shown in Fig.  1 at two magnifications. Two 
groups of TBCs with five compositionally graded layers were prepared. The only 
difference between these two groups is the type of YSZ feedstocks used for each 
one. In the first group, conventional YSZ and in the second group nanostructured 
YSZ was pre-mixed with NiCrAlY. Various layers with different NiCrAlY/YSZ 
ratios from 100% NiCrAlY powder, for the lowest layer next to the substrate, to 
100% YSZ, for the top layer, were plasma sprayed (Fig. 2). The thickness of each 
layer was approximately 100 ± 10 µm. In order to improve the adhesion between the 
bond coat and the substrate, the substrate was grit-blasted with alumina particles 
(< 850  μm) under pressure of 0.4  MPa; then, the surface of samples was washed 

Table 1  Specifications of the 
used feedstock powders

Commercial powder name Composition (wt %) Feedstock 
powder size 
(μm)

Min Max

Metco 204 NS-G ZrO2-8Y2O3 11 125
NiCrAlY Amdry 962 Ni-22Cr-10Al-1Y 53 106
Nanox S4007 ZrO2-7Y2O3 15 150

Fig. 1  Surface morphologies of spherical feedstock powders at different magnifications: a, c conven-
tional YSZ; b, d nanostructured YSZ
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with alcohol. The samples were preheated up to 200 °C, and spraying was carried 
out by a Metco A3000S air plasma spraying system with 3-MB plasma torch (Sulzer 
Metco AG, Switzerland). The thermal processing was carefully controlled to make a 
coating with porous nanozones. The APS parameters are listed in Table 2.

TCF Test

TCF tests were performed on the nanostructured and micro-CGL-TBCs at two dif-
ferent temperatures in a thermal cyclic rig. The samples were subjected to a cyclic 
heating and cooling process including: (1) heating to the target temperature (900 or 
1100 °C), (2) keeping the samples at the mentioned temperatures for 1 h, (3) cool-
ing through compressed air down to 100 °C, (4) keeping them at that temperature 
for 10 min. In the TCF test at 900 °C, the test was run on until 1200 cycles and in 
the TCF test at 1100 °C, the test was continued until the samples failed. The failure 
criterion was considered when 20% of the coatings was damaged due to spallation. 
The thermal cyclic rig was equipped with a camera for recording of cooling process. 
The stored images were checked carefully after each cycle.

Fig. 2  Schematic illustration of the arrangement of five compositionally graded layers of TBCs: a micro-
CGL coating; b nanostructured CGL coating

Table 2  Plasma spraying 
parameters

Properties Conventional 
CGL

Nanostruc-
tured CGL

Primary gas, Ar (SCFH) 80 80
Secondary gas,  H2 (SCFH) 15 15
Carrier gas flow rate, Ar (SCFH) 30 30
Powder feed rate (Lb/h) 20 20
Current (A) 500 450
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Coating Characterization

In order to preserve actual structural features of the coatings, the samples were infil-
trated with epoxy resin under vacuum to avoid damages that may occur during the 
preparation process. Afterward, samples were cut to reveal the cross section. Hot 
mounting and polishing were performed, respectively, and the polished surfaces 
were finally coated with carbon in order to be analyzed by a field emission scanning 
electron microscope (FESEM, Hitachi SU-70) equipped with an energy dispersive 
X-ray spectroscopy (EDS).

Results and Discussion

Microstructure of As‑Sprayed Coatings

Microstructures of cross section of as-sprayed CGL-TBCs are presented in Fig. 3. In 
both coatings, the microstructures display NiCrAlY layer (bond coat), an YSZ outer 
layer (top coat), and a mixture of them as gradient intermediate layers. The border 
of these layers is specified according to EDS mapping. Although distinguishing the 
two layers (bond coat and top coat) from other layers is possible to some extent by 
applying EDS mapping (since these layers are comprised of just metal and ceramic, 
respectively), recognizing the exact border between gradient intermediate layers is 
not so easy. In the nanostructured CGL coating (Fig. 3b), a bimodal microstructure 
of nanostructured TBC containing completely melted zones and partially melted 
zones (nanozones) can be seen in top coat and gradient intermediate layers. Nano-
zones are clearly identified in the top coat layer shown in Fig. 3c, d displays higher 
magnification of a nanozone. The coatings have some dispersed pores, the amount 
of which increases gradually through the thickness of the coatings from bond coat to 

Fig. 3  Microstructures of YSZ/NiCrAlY compositionally graded layer TBCs prepared by APS: a micro-
CGL coating; b nanostructured CGL coating; and c topcoat layer of nanostructured CGL coating; d 
higher magnification of nanozone
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top coat layers. It is notable that the gray flakes (as indicated by arrows) are alumina 
formed during plasma spraying.

In order to display the distribution of YSZ and NiCrAlY in the graded layer cross 
section, EDS mapping was performed. The EDS results of a graded layer (sec-
ond layer), shown in Fig.  4, reveal the distribution of main elements of the alloy 
(NiCrAlY) and ceramic (YSZ) such as Ni, Cr, Al, Y and Zr. It can be seen that YSZ 
appears as islands with the size of up to 50 µm in the NiCrAlY metallic matrix.

TCF Behavior of Coatings

TCF behavior of CGL-TBCs was investigated at two temperatures of 900 and 
1100 °C. At 900 °C TCF loading, the cracks formed within the ceramic top coat 
near the top coat/fourth gradient layer interface, are observed in the micro-CGL 

Fig. 4  Elemental maps showing a graded layer in nanostructured CGL coating
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coating after 1200 cycles (Fig.  5a). However, integrity of nanostructured CGL 
coatings was partially preserved after the same amount of cycles, and some small 
detached top coat segments were observed (Fig. 5b).

Figure  6 illustrates the thermal fatigue lifetimes of different kinds of CGL-
TBCs at 1100 °C versus the number of cycles at which the samples failed. The 
results indicate that the thermal cyclic lifetime of the nanostructured CGL coat-
ings is more than micro-CGL ones. The standard deviation of each sample is 
shown by the error bars.

The longer lifetime of the nanostructured CGL-TBCs compared with micro-
ones can be attributed to the higher CTE of the nanostructured YSZ ceramic layer 
[24] leading to better compatibility with the bottom layer which include metal 
elements. Moreover, the presence of micropores in the nanozones improves TCF 
behavior of nanostructured TBC due to adsorption of the residual stresses [25].

Fig. 5  Micrograph of cross section of coatings after 1200 cycles at 900  °C: a micro-CGL coating; b 
nanostructured CGL coating

Fig. 6  Thermal-cyclic fatigue lifetime of coatings at 1100 °C
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The development of coating damage in the form of partial spallation and/or 
delamination of the coating can be closely followed by studying images recorded 
by a camera in the beginning of cooling in each cycle. It should be mentioned that 
the furnace was sending signal directly to the camera and during the start of each 
cooling cycle video camera recorded images, automatically. Figure  7a, b displays 
recorded images at the beginning of cooling cycle and after finishing the cool-
ing cycle (it means after 29  s), respectively. In Fig.  7a, intact region is shown by 
number 1 and the delaminated region (number 2) appears gray since it cools down 
faster compared to the intact region during cooling cycle. Wherever the coating is 
separated completely, the region is named as spalled region (number 3). Therefore, 
the coating damage can be estimated by measuring the delaminated and the spal-
lation regions which are considered as “damage area” [26]. The signs of damage 
area in the micro-CGL-TBCs appear much sooner compared with nanostructured 
CGL-TBCs.

In order to investigate the mechanism of damage, interrupted tests were con-
ducted at 1100  °C by stopping the test at different time intervals before the final 
failure. Since the lifetime of different kinds of coatings in the current study is not 
the same, the time interval for each group of coatings has been chosen according to 
their own lifetime. According to the results, mechanism of the produced damages 
has been explained in three stages. Despite the fact that the stages are similar in both 
of CGL-TBCs, some differences were observed.

I. First Stage: crack initiation

In this stage, no significant macroscopically visible damage was observed. The initi-
ation of cracks and the gradual increase in their amounts were confirmed by micros-
copy studies. Nucleation of cracks can be investigated in different aspects including 
nucleation of longitudinal cracks within TGO layers; appearance of cracks due to 
weak intersplat bonding, and initiation of transverse cracks as a result of gradient 
temperature inside the coating during cycling.

Bond coat oxidation has been known as a major cause for the delamination 
of TBCs during high-temperature exposure. Aluminum forms protective alumina 
scales as long as it is enough in the bond coat. Depletion of Al causes formation 

Fig. 7  Appearance of the samples as observed by camera: a at the beginning of cooling cycle; b after 
finishing the cooling cycle
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of non-protective oxides [27]. These oxides are a mixture of chromia ((Cr,Al)2O3) 
and spinel (Ni(Cr,Al) 2O4) formed at  Al2O3/ceramic interface region. Therefore, 
TGO is composed of alumina and non-protective oxides. Growth of non-protec-
tive oxides leads to the further local volumetric which induces extra tensile stress 
in the ceramic region and as shown in Fig.  8, cracks can initiate within these 
regions. The presence of more porosity related to the nanozones in the ceramic 
part of the nanostructured CGL-TBCs can absorb induced tensile stress and post-
pones the initiation of crack, resulting in their initiation in higher number of 
cycles compared to the micro-CGL-TBCs.

As-sprayed APS microstructure of TBC includes longitudinal orientated 
splats. Splat-on-splat structure of top coat causes inter-lamellar delamination 
which might possibly play a role as crack embryos [28, 29]. The top coat of as-
sprayed nanostructured and micro-CGL-TBCs are shown in Fig.  9. Poor adhe-
sion between splats results in appearance of some cracks and micropores in the 
intersplat gaps. The number of intersplat gaps in the nanostructured CGL-TBCs 
is higher than micro-CGL one, which might be a result of un-melted and partially 
melted zones. It can be inferred that nanostructured CGL-TBCs are more prone 

Fig. 8  Initiation of longitudinal 
cracks within spinel oxide

Fig. 9  Micrograph of cross section of as-sprayed condition, topcoat of: a micro-CGL coating; b nano-
structured CGL coating
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to initiation of cracks within top coat. The same result has been reported by Wu 
et al. [30] for double layered TBCs.

Transverse cracks are another kind of cracks that appear during the thermal 
cycles. Transverse cracks form as a result of temperature gradient produced inside 
the coating whenever temperature changes suddenly [31].

 II. Second stage: propagation and coalescence of cracks

Propagation and coalescence of longitudinal cracks are the cause of delamination. 
Crack propagation during TCF testing appears to be related to the TGO growth. The 
higher growth kinetics of spinel oxides have a damaging impact on the life of TBC. 
Since graded layers are composed of metallic phases distributed in ceramic regions, 
formation of TGO within graded layers is heterogeneous. Propagation and coales-
cence of longitudinal cracks are displayed in Fig. 10. It should be mentioned that the 
figure shows the microstructure of the nanostructured CGL-TBC and since the trend 
of propagation and coalescence of longitudinal cracks for micro-CGL-TBC is almost 
similar to that of nanostructured one, just the SEM microstructures of one group of 
TBCs are presented.

Cracks nucleate within spinel oxides (close to the top coat) and grow into the 
ceramic top coat (Fig.  10a). Coalescence of cracks at the interface of top coat/
fourth gradient layer is presented in Fig. 10b. On the other hand, cracks initiated 
from spinel clusters in the fourth graded layer propagate and coalescence within 
the gradient layer, as shown in Fig. 10c, d, respectively. Initiation and propagation 

Fig. 10  Propagation and coalescence of longitudinal cracks in nanostructured CGL-TBC: a, b at topcoat/
fourth gradient layer interface; c, d within the fourth gradient layer
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of cracks in the fourth gradient layer are a result of the lower amount of metal-
lic elements in this layer compared to other intermediate layers; therefore, a low 
Al- reservoir leads to the formation of higher amount of non-protective oxide. 
Growth and coalescence of the longitudinal cracks, which cause delamination of 
top coat and/or gradient layers, occur after lower cycles in the micro-CGL-TBCs 
compared with the nanostructured CGL ones.

Transverse cracks formed on the surface of the ceramic top coat move across 
the thickness [32], and when they reach the interface of top coat/fourth gradi-
ent layer move longitudinally at the interface. Figure 11a shows this phenomenon 
for micro-CGL-TBCs. In the nanostructured CGL-TBCs (Fig. 11b) as a result of 
propagation of transverse cracks, nanozones are detached from the matrix dur-
ing cyclic thermal exposure because of the weak adhesion between nanozones 
and the ceramic matrix. This phenomenon causes appearance of a valley-shaped 
surface in the TBC, as shown in Fig. 11c. Two simultaneous phenomena, i.e., the 
growth of transverse cracks originating on the surface of coating and poor bond-
ing between nanozones and matrix in the top coat, lead to disintegration of the 
top coat in the nanostructured CGL-TBCs (Fig. 11d).

Fig. 11  Transverse cracks formed on the surface of the ceramic top coat of: a micro-CGL coating; b 
nanostructured CGL coating; c separation of the small part of topcoat in nanostructured CGL coating; d 
disintegrating of the top coat of nanostructured CGL coating
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 III. Last stage: failure of coatings

Delamination and spallation compete as the final mechanism of TBC failure 
(Fig.  12). Buckling delamination occurs at the interface of top coat/fourth gradi-
ent layer. As mentioned previously, metal and ceramic phases are not distributed 
uniformly in the whole regions of the gradient layers. In this way, according to the 
metal distribution, amount of spinel oxide formed during high-temperature exposure 
is different in the various regions of gradient layers. Hence, in some parts of the 
fourth gradient layer containing more spinel oxides, formation and propagation of 
cracks are more probable. Finally, coalescence of these cracks causes separation of 
some segments of the fourth gradient layer. The buckling delamination in the micro- 
and nanostructured CGL-TBCs are presented in Fig. 12. In the micro-CGL-TBCs, 
delaminated layer can convert to spallation region where longitudinal cracks over-
lap with transverse cracks or edges of sample (Fig.  12c). Spallation in the nano-
structured CGL-TBCs can occur in two ways: the first one is similar to the micro-
CGL-TBCs and the other one is related to the presence of valleys on the top coat 
formed in the previous stage. The valleys are formed in various parts of TBC and are 
broadening during longer thermal cyclic fatigue. Furthermore, since the thickness of 
topcoat in the current specimens is approximately 100 μm therefore some segments 
of the top coat could be spalled as a result of the formation of these wide valley 
surfaces (Fig. 12d). It should be mentioned that in the nanostructured CGL-TBCs, 
spallation could happen simultaneously with delamination. Schematic representa-
tion of the three stages of damage is shown in Fig. 13. The numbers (1), (2), (3) and 
(4) represent YSZ splat, NiCrAlY splat, non-protective oxide region and nanozones, 

Fig. 12  Micrograph of cross section of failed TBC at 1100 °C: Buckling delamination and spallation of: 
a, c micro-CGL coating; b, d nanostructured CGL coating
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respectively. The first stage, second stage and last stage of damage are shown by I, II 
and III, respectively. Since damage mechanism is the same for both groups, in order 
to avoid repeating the drawn pictures, destruction model is presented just for one 
group.

As mentioned, in the first stage (I), the crack nucleation sites are similar for both 
kinds of coatings. In stage II, propagation and coalescence of cracks occur. Type (a) 
of this stage is similar for both kinds of coatings and type (b) is related to nanostruc-
tured CGL-TBC. In the last stage (III), buckling delamination (type (a)) and also 
type (b) in the micro- and nanostructured CGL-TBCs are shown. Type (c) is related 
to failure mechanism of nanostructured CGL thermal barrier coating.

Fig. 13  Schematic of destruction model of CGL coatings consists of: stage (I) crack initiation, stage (II) 
propagation and coalescence of cracks and stage (III) failure of coatings
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Fig. 14  Elemental maps of a graded layer in nanostructured CGL coating after exposure to 1200 cycles 
at 900 °C
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Fig. 15  Elemental maps of a graded layer in nanostructured CGL coating after exposure to 250 cycles at 
1100 °C
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Comparison of Damage Mechanisms at Two Different Temperatures

Figures 14 and 15 show EDS elemental maps of a graded layer of the nanostructured 
CGL-TBCs at 900  °C after 1200 cycles and at 1100  °C after 250 cycles, respec-
tively. It can be seen that the amount of alumina presented in the TGO formed at 
900  °C is more than the other phases. Cross-sectional EDS mappings show very 
small segregation of Cr and Ni; therefore, the amount of spinel oxide regions are 
not noticeable at 900 °C TCF temperature. Moreover, at 1100 °C, the TGO are com-
posed of much more non-protective oxide. The lifetime of TBC depends heavily on 
the type and value of phases presented in TGO [23]. Non-protective oxides formed 
at temperatures higher than 1000 °C during the oxidation of thermal barrier coatings 
are deleterious to the durability of TBCs because of their local volume increase. 
During thermal exposure to 900 °C, spinel oxide forms at the first cycles; however, 
these non-protective oxides do not show any growth as exposure time increases. At 
higher temperature (1200 °C), the growth of spinel oxides at the top coat/bond coat 
interface is more considerable than at lower temperature (900 °C) [33].

Conclusions

In the current study, thermal cyclic fatigue (TCF) behavior of nanostructured CGL-
TBCs was compared with the TCF behavior of the micro-CGL ones. The following 
results were obtained:

1. Nanostructured CGL-TBCs exhibit a better durability during high-temperature 
cyclic fatigue compared with micro-CGL-TBCs.

2. Failure process is characterized by three distinct stages which include crack initia-
tion, crack propagation, and coalescence leading to delamination and spallation 
of the coating. Crack initiation stage starts after higher cycles in nanostructured 
CGL-TBCs. Furthermore, nanozone acts as a crack arrester and leads to decrease 
the crack propagation rate.

3. Detachment of a number of nanozones on the transverse crack propagation caused 
to appear a valley shape surface on the top coat.

4. In the nanostructured CGL-TBCs, the occurrence of delamination within the top 
coat is more probable due to the weaker intersplat boundaries in that layer.

5. The samples experienced TCF testing at 900 °C, could endure more than 1200 
cycles without noticeable damage. Oxidation continued and  Al2O3 layer became 
thicker, although spinel oxide region did not grow as the exposure time was 
expanded.

6. At 1100 °C, spinel oxides have high growth rate and cracks can initiate within 
them. The presence of a further amount of spinel oxide regions at 1100 °C affects 
the lifetime of TBC, significantly and decreases the lifetime of nanostructured 
CGL-TBC to 250 cycles.
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