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Failure is a main disadvantage of thermal barrier coatings
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further tolerate strain and to prevent heat flux. First, the trimodal-featured structure was tailored in 2000-um-thick TBCs. Thermal
cyclic tests showed that the lifespan was nearly 4 and 9 times that of the conventional one-way designs of columnar and gradient
TBCs, respectively. Second, a finite element model was developed to investigate the mechanism responsible for the long lifespan.
Cooperation in lowering the driving force and increasing the cracking resistance significantly retards the cracking behavior in thick
coatings. Finally, dominant factors of trimodal-featured structures were discussed and optimized to further extend the lifespan of
thick TBCs. Overall, the matching design between strain tolerance and cracking resistance provides a fundamental method for
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durable protection in thick TBCs.
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1 Introduction

Thermal barrier coatings (TBCs) are widely used in high-
temperature components of land-based gas turbines to protect
alloys from direct thermal exposure due to their excellent thermal
insulation performance [1-5]. A typical TBC structure has three
parts, namely, a nickel-based superalloy substrate, an MCrAIY
alloy bond coat (BC), and a thermal insulation ceramic top coat
(TC) [6-8]. TBCs need to have the lowest possible thermal
conductivity, which is the basis of their thermal insulation ability
[9-11]. In addition, to prevent damage to the alloy substrate, the
TBC system should also maintain its integrity as long as possible
under severe service conditions, avoiding delamination or failure
[12,13]. In short, high thermal insulation and long lifespan are the
basic performance requirements for TBCs [14,15]. As the service
temperature increases, TBCs are required to have higher
insulation capability. The demand for a large temperature drop

from the surface to the bottom of TBCs has driven the
development of thick TBCs (typically 800-2000 pm thick, used in
gas turbine combustors on components such as heat shields and
liners) [16-18].

The thermal insulation properties of thick TBCs are significant,
but the challenge of thick TBCs is how to ensure their service life
[19,20] because the increase in coating thickness leads to an
increase in internal stress and thus strain energy, resulting in a
significant increase in the cracking driving force. As a result, the
coating is more prone to cracking and delamination [19,21].
Strain tolerance (ST) is used to characterize the ability of TBCs to
accommodate  thermal strain  through  microstructural
deformation, thereby reducing the cracking driving force. The
vertical columnar structure, which mitigates thermal stress
through intercolumnar debonding and enhances ST, represents a
viable strategy to prolong the service life of thick TBCs [22].
Compared with lamellar structure coatings prepared by
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conventional atmospheric plasma spraying (APS), dense vertically
cracked coatings (DVCs, with a thickness of approximately
500-1500 um) [22,23] or coatings prepared by electron beam-
physical vapor deposition (EB-PVD, with a thickness typically less
than 500 pm) [24,25] typically exhibit vertical columnar
structures. These structures mitigate the cracking driving force,
thereby extending the coatings’ service life [22,26]. However, they
also have the disadvantage of high thermal conductivity in the
vertical direction [27] and a large cracking driving force caused by
a high elastic modulus. In addition, bimodal-structured TBCs
(with a thickness of approximately 1000 um) with macroscale
vertical cracks and microscale lamellar structures exhibit high
thermal insulation and long service life [28,29]. However, the
bottom porous lamellar structure has inferior cracking resistance,
and the growth stress generated by thermally grown oxide (TGO)
and the thermal mismatch stress generated by the difference in the
coefficient of thermal expansion between ceramics and metals
primarily act on the bottom area of the ceramic TC during service
[30-32]. These factors pose critical risks of coating failure,
especially for thicker coatings. Overall, when the coating thickness
is greater (e.g, 2000 um in this work), for coatings with a
monostructure along the thickness direction, neither lamellar
porous structures (with poor cracking resistance at the bottom)
nor dense structures (with high elastic modulus and thus large
cracking driving force) can simultaneously satisfy the
requirements for excellent thermal insulation and long service life
of thick TBCs.

To address the above problem, a nonuniform structural design
along the coating thickness direction is an effective approach for
achieving excellent thermal insulation and prolonged service life,
especially for thick coatings where more design freedom is
available along the thickness dimension. Two typical examples of
nonuniform structures are the gradient pore structure design of
the same material [33-35] and the double-layer (or multilayer)
structure design of dissimilar materials [36—39]. The advantage of
this nonuniform structure is the synergistic optimization of the
thermal insulation and service life of the coating via the
toughening of the bottom layer and the heat resistance of the top
layer [33,38,40,41]. Combining columnar structures with
nonuniform structures may be a strategy to further enhance the
performance of thick TBCs. Nevertheless, a key challenge in
implementing nonuniform structures along the thickness
direction of thick coatings is how to controllably generate vertical
cracks within the coating. Previous studies confirmed that two key
parameters are the ratio of vertical crack depth to coating
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thickness and the crack density, and that a sufficiently large ratio
(which should exceed 0.5) and sufficiently small crack spacing
usually indicate a longer service life [21,26,42]. The conventional
method for forming vertical cracks is to induce cracks from the
surface to the bottom [28]. However, when applied to thick
nonuniform structures, due to the relatively small cracking driving
force in the vertical direction [43], this conventional method fails
to make vertical cracks continue to propagate to the bottom and
even propagate laterally at the interface between porous and dense
regions, resulting in delamination and spallation.

In this work, thick TBCs with trimodal-structured
characteristics of macro-columnar structure, mesogradient
structure, and microlamellar structure were designed to enhance
both the thermal insulation and lifespan. A vertical crack
formation method from the inside out was developed to generate
vertical cracks with a large depth in the gradient lamellar
structured coating. Then, thermal cycling experiments were
carried out to compare the lifespan of different samples, and the
failure mechanism was deduced from the changes in coating
structure before and after failure. This design can maintain the
high thermal insulation ability of TBCs while prolonging the
coating lifespan, which provides a possibility for the development
of advanced TBCs.

2 Experimental

2.1 Design of trimodal-structured TBCs

In previous studies, the service life of TBCs was typically extended
using a one-way method by enhancing either ST or cracking
resistance. For example, this method introduced a columnar
structure into coatings to enhance ST [28] or a gradient structure
to enhance cracking resistance [33]. To better meet the
requirement of long service life, this study proposes a trimodal-
structured TBC design by adopting a two-way approach that
enhances both ST and cracking resistance. As shown in Fig. 1, the
TBC shows the characteristics of macro-columnar structure,
mesogradient structure, and microlamellar structure. At the
macroscale, the ceramic TC is divided into many columns by
vertical cracks that are connected into a network to tolerate the
strain caused by the thermal expansion mismatch between the
substrate and the coating. At the mesoscale, in each column, the
ceramic TC gradually transitions from the dense bottom to the
porous top, showing a gradient structure to consider the cracking
resistance of the bottom and the thermal insulation of the top. In
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Fig.1 Design of a trimodal-structured TBC with macro-columnar, mesogradient, and microlamellar features in thick top coat.
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addition, at the microscale, the coating is stacked by many splats,
and there are pores between splats, which is the reason for the low
thermal conductivity of the coating.

2.2 Preparation of TBCs

Before depositing the ceramic coating, the commercially available
NiCoCrAlTaY powders (Amdry 997) were deposited on the
nickel-based superalloy substrate by high-velocity oxygen fuel to
form a BC, and the target thickness was 200 pm. The substrate is
Inconel 738 alloy with a size of 25.4 mm in diameter and 5 mm in
thickness. Before depositing the ceramic TC, the BC was subjected
to a preheating treatment [44,45]. The preheating treatment was
conducted in a furnace with precisely controlled oxygen partial
pressure (PCO-1200A, Xi'an Jiaotong University, China), and it
was first carried out at 1000 °C for 4 h with an oxygen partial
pressure of 0.01 ppm and then at 1080 °C for 4 h with an oxygen
partial pressure of 10 ppm in an Ar atmosphere. This two-step
treatment was designed to promote the agglomeration of the as-
deposited amorphous ALO; film into discrete particles, thereby
exposing the underlying metallic phases and enabling the
formation of a uniform and compact a-ALO; film with a larger
grain size during subsequent oxidation, which effectively reduces
the TGO growth rate and enhances the oxidation resistance of
BC [45].

The ceramic TC is deposited by APS using commercially
available yttria-stabilized zirconia (YSZ) hollow spherical powders
(Metco 204B-NS and 204NS-G), with a total thickness of
approximately 2000 pum. The morphology and particle size
distribution of the powders are shown in Fig. 2. The dense bottom
region was deposited with small powders (sieved 204NS-G, a size
distribution ranging from 20 to 49 pm), with a thickness of
approximately 500 um. The middle transition region was
deposited with large powders (sieved 204B-NS, a size distribution

B d,,=38um; d,s=59 pm; d,,=87 pm
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Fig.2 Powders for deposition of top coat: (a) small powders, (b) large powders,
and (c) powder size distribution. Note: d,; represents that 10% of the total
particle volume is smaller than this particle size, and dy 5 and d,, follow the same
logic by corresponding to 50% and 90% volume fractions respectively.
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ranging from 38 to 87 um), with a thickness of approximately
500 pm. The porous top region was deposited with the same
powders as the middle region, with a thickness of approximately
1000 pm. The APS parameters for the top coat are shown in Table 1.
During the spraying process, the thickness of each layer was
determined by a micrometer. In addition, uniform lamellar
porous structure coatings with and without vertical cracks were
also prepared for comparison.

2.3 Preparation of vertical cracks in a gradient structure

In this study, two methods were used to form vertical cracks,
including the conventional method and the improved method.
For the conventional method [28], after the ceramic TC is
deposited, the vertical cracks propagate from the surface of the
coating to the inside through heating of the substrate side and
rapid cooling of the coating side. However, for thick coatings with
gradient structures, vertical cracks have difficulty extending to the
deeper part of the bottom region of the coating by this
conventional method. Therefore, this study proposes an improved
method to generate vertical cracks. As shown in Fig. 3, vertical
cracks are formed by layer-by-layer deposition and layer-by-layer
cooling. The coating is composed of many stacked splats. During
the coating deposition process, each cooled splat produces small
cracks along the vertical direction due to volume shrinkage and
constraints. After layer-by-layer deposition, the substrate side is
heated to impose a constraint, and a high-pressure cold air jet is
used for rapid cooling. During the cooling process, there is a large
temperature gradient along the vertical direction. Compared with
the lower layer, the upper solidified layer has greater volume
shrinkage and is also subjected to greater tensile stress, which
makes the pores in the coating and the small cracks in the splats
interconnected in the vertical direction, resulting in macroscale
vertical cracks. After cooling, deposition of the coating continues.
The preexisting vertical cracks act as crack sources and continue
to propagate upward during the subsequent cooling process until
they reach the coating surface. The parameters for forming
vertical cracks are shown in Table 2.

2.4 Experimental group design

A total of five groups of samples were prepared in this work. To
serve as a control group that enhanced only cracking resistance,
the first group consisted of TBCs with a gradient pore structure
(without vertical cracks). They were fabricated by adjusting the
APS parameters and were designated Grad-No-VCs. To serve as a
control group that enhanced only ST, the second group consisted
of columnar/lamellar bimodal-structured TBCs. They were
fabricated by introducing vertical cracks into a uniform lamellar
porous structure using the conventional method and were
designated Porous-VCs (PVC). Subsequently, based on the
gradient structure, vertical cracks were introduced into the TBCs
using a conventional method to form gradient columnar TBCs,

Table1 APS parameters

Parameter Top Middle Bottom

Arc current (A) 600 600 600

Arc voltage (V) 70 70 70
Plasma gas (Ar) flow (L-min™) 45 45 45
Plasma gas (H,) flow (L-min™) 7 7 7
Powder feed rate (g-min™') 30 30 30
Spray distance (mm) 100 80 80

Torch traverse speed (mm-s™) 500 400 400

Preheating temperature (°C) — 300 600
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Fig.3 Schematic of forming vertical cracks from bottom layer to top layer.

Table2 Parameters for forming vertical cracks

Parameter Value
Heating temperature (°C) 600
Cold air jet pressure (MPa) 0.73
Nozzle-to-surface distance (mm) 30
Duration (s) 20

which were designated Grad-Short-VCs. As the experimental
group, gradient columnar TBCs that enhance both ST and
cracking resistance via a two-way approach were prepared using a
layer-by-layer deposition and cooling process, where vertical
cracks formed from the inside out; these TBCs were designated
Grad-VCs. Additionally, uniform lamellar porous TBCs without
vertical cracks were prepared as an extra control group and
designated Porous-No-VCs.

2.5 Characterization of microstructure and properties

The microstructural changes of the coating before and after failure
were observed by a scanning electron microscope (SEM; TESCAN
MIRA 3, The Czech Republic). Using Image] software, the
changes in pore parameters in different regions of the gradient-
structured coating were measured from 10 SEM images. The
porosity was characterized by the total area of pores per unit area,
and the two-dimensional (2D) pore density (um™) was
characterized by the total length of 2D pores per unit area. The
relevant details of the quasi-in-situ observation can be found in
our previous study [46].

Hardness (Vickers hardness, HV) and elastic modulus were
determined by a microindentation hardness tester (Buehler-
MicroMet 5104, Akashi Co., Japan). The load of the indentation
test was 300 gf, and the holding time was 30 s. At this load, the
measured hardness and elastic modulus represent the overall
behavior of the porous matrix, allowing the average mechanical
properties to be evaluated within an acceptable margin of error.

Independent single-layer samples of the top, middle, and
bottom regions were sprayed separately under the same
conditions for thermal conductivity measurement. The thermal
diffusivity was measured by a laser flash apparatus (LFA 457,
Netzsch, Germany). The specific heat capacity was measured by a
differential scanning calorimeter (DSC404, Netzsch, Germany).
The density was calculated by measuring the dimensions and
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mass of the coating sample. Thermal conductivity (1) is
determined by Eq. (1):

A=a-c-p (1)

where « is the thermal diffusivity; ¢, is the specific heat capacity; p
is the density.

2.6 Thermal cycling test

An isothermal thermal cyclic test at 1050 °C was used to evaluate
the lifespan of the TBCs, and each cycle included heating, holding
for 50 min, and air cooling for 10 min. A sample is deemed to fail
if the area of delamination or spallation exceeds 50% of its total
area. At least two samples were tested per group.

3 Finite element simulation

3.1 Model geometry and boundary conditions

ABAQUS finite element analysis software was employed to model
the thick gradient TBCs. The coating system consists of a substrate
(SUB), a BC, a TGO, and three layers (top, middle, and bottom)
of the TC. The total thickness of the TC is 2000 pum, while the BC
and substrate have thicknesses of 200 um and 1 mm, respectively.
The TGO thickness increases with oxidation time. All materials in
the model were assumed to be isotropic and homogeneous to
simplify the model and highlight the influence of structural
characteristics. While this simplification may affect the absolute
values, the relative trends and mechanisms remain valid. The
meshing strategy refined the crack-prone interface regions using a
finer grid density while employing coarser elements near the top
of the ceramic layer and the base of the substrate. As shown in
Fig. 4(a), the influence of vertical crack spacing on stress and crack
propagation during the service of coatings was investigated. The
bottom of the model and the right side of both the BC and the
substrate were constrained, while a 0.3% strain (Aa-AT, where Ax
and AT represent the difference in thermal expansion coefficient
and the temperature change, respectively) was applied to the left
side of the model to simulate thermal mismatch strain in TBCs
caused by differential thermal expansion between layers during
thermal cycling. Periodic boundary conditions were adopted to
reduce computational costs [47]. Due to the symmetry about the
central axis, only half of the periodic unit was modeled to further
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simplify the simulation. A preexisting horizontal crack (20 um in
length) was embedded within the ceramic TC 20 um above the
BC interface to simulate the location where cracking and spalling
are most likely to occur during the actual service of the coating
Furthermore, two finite element models corresponding to distinct
vertical crack formation methods were established in this study, as
shown in Fig. 4(b). These models analyzed how different vertical
crack formation methods govern stress and crack propagation
evolution at both vertical and horizontal crack tips. Horizontal
cracks were embedded bilaterally at the vertical crack tip to
simulate the interaction between propagating vertical cracks and
preexisting horizontal pores within the lamellar coating. In
addition, the variation in the cracking driving force caused by
structural changes in the TBCs during thermal cycling was also
simulated, and the model is shown in Fig. 4(c).

3.2 Cyclic thermal loading and stiffening effect

The thermal cycling process of TBCs was simulated, with each
cycle consisting of a heating stage, a holding stage, and a cooling
stage. During the holding stage, the stiffening of the TBC and
thickening of the TGO occurred simultaneously. A subroutine
was developed to control this process, and the relevant details can
be found elsewhere [47].

3.3 Crack propagation

The strain energy release rate (SERR) represents the energy
released by the system during crack propagation and acts as the
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fundamental driving force for crack advancement within TBCs.
The SERR was calculated by the virtual crack closure technique
(VCCT) [48].

4 Results

4.1 Structure of TBCs

Figure 5 compares the macrostructure of the different TBCs,
including Porous-No-VCs (conventional control group), Grad-
No-VCs (control group that enhanced only cracking resistance),
Porous-VCs (control group that enhanced only ST), Grad-Short-
VCs, and Grad-VCs (two-way approach that enhances both ST
and cracking resistance). Figure 5(a) shows the schematic diagram
and cross-sectional morphology of different TBCs. All TBCs have
very similar thicknesses, which are approximately 2000£100 pm.
Figures 5(b) and 5(c) show the vertical crack spacing and the ratio
of crack depth to coating thickness of different TBCs, respectively.
Compared with Grad-Short-VCs, Grad-VCs have significantly
smaller crack spacing, and the ratio of crack depth to coating
thickness is also significantly higher than that of Grad-Short-VCs.
In addition, Grad-VCs and Porous-VCs both all have smaller
crack spacings and larger crack depths than Grad-Short-VCs.
Among them, the crack spacing of Grad-VCs is slightly smaller
than that of Porous-VCs, and the crack depth is slightly larger
than that of Porous-VCs, but this difference is not pronounced.
Figure 6 presents the changes in the structure and pore
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Fig.4 Development of model in ABAQUES: (a) TBC with vertical cracks, (b) distinct vertical crack formation methods, and (c) thermal cycle.
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parameters of the polished cross-section of the sample with a
gradient structure, where Fig. 6(a) shows the macromorphology of
the coating, and Figs. 6(b)-6(d) display the micromorphologies of
the top, middle, and bottom regions of the ceramic TC,
respectively. In the gradient structure, different structures can be
observed in different regions from the bottom to the top of the
coating. In the bottom region, due to the high melting degree of
powders, the splats exhibit tight bonding, resulting in a dense
structure with a porosity of approximately 7.3%+0.4% and a 2D
pore density of approximately 0.22+0.02 um™. At the same time,
in the top region, the coating exhibits significant changes, with
more pores. Its porosity is approximately 13.0%+0.7% and the 2D
pore density is approximately 0.29+0.02 pm™. In general, there is
an increasing number of pores from the bottom to the top, and
the coating shows a mesoscale gradient structure and a microscale
lamellar structure.

4.2 Thermal insulation capability of TBCs

In previous research, unit thermal resistance (UTR) was used to
evaluate the thermal insulation performance of TBCs, as shown in
Eq. (2) [38,49]:

)

UTR = T (2)
where § is the thickness of the coating and A is the thermal
conductivity.

In this work, porous YSZ is used for the top layer, and dense
YSZ is used for the bottom layer. For gradient-structured TBCs,
the total UTR is the sum of the UTRs of each layer. Because the
interfaces between adjacent layers in the pore-graded coating
bond well and involve only a continuous variation in pore
characteristics, the contribution of interfacial thermal resistance is
considered negligible. Therefore, the UTR of gradient TBCs can
be expressed as Eq. (3):

UTR _ (Smp + 6middle 8bottom (3)

/1 top Amiddle /‘, bottom

where o Opiddier A0 Spoiom are the thicknesses of the top, middle,
and bottom regions, respectively. A, Amage and Apgiom are the
thermal conductivities of the top, middle, and bottom regions,
respectively.

The thermal conductivities of the top, middle, and bottom
regions of the gradient-structured coating in this work are 0.9, 1.0,
and 1.2 W-m™-K", respectively, measured at 1000 °C. The thermal
conductivity of the conventional lamellar porous structure coating
is the same as that of the middle region of the coating. The
thicknesses of the top, middle, and bottom layers of the gradient-
structured coating are 1000, 500, and 500 pm, respectively, with a
total thickness of 2000 um, and these thicknesses were determined
based on the total thickness and the requirement that the overall
UTR be comparable to that of conventional lamellar porous
coatings. The introduction of vertical cracks has only a minor
effect on thermal insulation [28] because the cracks are very
narrow and oriented parallel to the heat flow direction. When the
thickness is the same as that of TBCs in this work, the normalized
UTR and thermal conductivity of several typical columnar-
structured TBCs (plasma spraying (PS)-PVD [50], EB-PVD [51],
and DVC [52]) are shown in Fig. 7, where blue dots represent
thermal conductivity and bars represent normalized UTR. The
gradient TBC designed in this study exhibits thermal insulation
performance similar to that of conventional lamellar porous
coatings, while its thermal insulation performance is superior to
that of coatings with other structures.

https://doi.org/10.26599/JAC.2026.9221332

9221332-7

4.3 Thermal cyclic lifespan

Figure 8 shows the lifespans of thick TBCs with different
structures after the thermal cyclic test. Conventional lamellar
Porous-No-VCs showed the shortest lifespan. In contrast, Grad-
No-VCs (enhancing only cracking resistance) and Porous-VCs
(enhancing only ST) exhibited lifespans approximately twice and
four times that of Porous-No-VCs, respectively. The average
lifespan of Grad-Short-VCs was nearly three times that of Porous-
No-VCs. With an increased ratio of crack depth to thickness and
decreased crack spacing, Grad-VCs exhibited a lifespan of 634
cycles, approximately 16 times that of Porous-No-VCs, which
demonstrates that the vertical crack spacing and propagation
depth have significant effects on the lifespan of TBCs.

4.4 Failure modes

Figure 9 shows the cross-sections of different failed TBCs. For
Porous-No-VCs and Grad-No-VCs, transverse cracks causing
cracking failure appear inside the ceramic TC, and the coating
shows the characteristics of local spalling. For Grad-Short-VCs
with large vertical crack spacing and small crack depth, these
coatings still present the failure form of local spalling. The residual
ceramic coating is divided into discontinuous parts by vertical
cracks, and there is a V-shaped boundary between the two
adjacent parts. This is an interesting phenomenon because the
crack depth of the original coating is only approximately half of
the coating thickness. On the one hand, this means that during
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Fig.9 Cross-sections of failed TBCs: ( ) cross-sectional morphologies of ceramic top coats, (b) macroscopic cross-sectional morphologies, and (c) microscopic cross-

sectional morphologies.

the thermal cycle, the vertical cracks continue to expand
downward to relieve the stress in the coating. On the other hand,
the existence of vertical cracks causes the direction of transverse
crack propagation to tilt. A notable fact is that when the vertical
crack spacing is large and the depth is small, the failure mode of
the coating has the characteristics of local spalling, while when the
crack spacing is small and the crack depth is large, the failure
mode gradually changes. For example, Grad-VCs and Porous-
VCs have similar failure morphologies, and horizontal cracks
appear near the BC, showing the characteristics of overall peeling
off of the coating. Because the surface of the BC is relatively rough,
some parts of the TC remain attached. In addition, all coatings
formed a continuous TGO on the surface of BC, and the thickness
of TGO increased with increasing thermal cycle lifespan.

5 Discussion

5.1 Formation method of vertical cracks

Different vertical crack preparation methods contribute differently
to the formation of vertical cracks. A comparison between the
improved vertical crack preparation method in this study and the
conventional method is shown in Fig. 10. It can be observed that
for the improved method in this work, during the propagation of
the vertical crack, when the propagating vertical crack tip
encounters preexisting horizontal pores (20 um in length), the
normal stress at the vertical crack tip (g,,) is 126 MPa; the normal
stress at the horizontal crack tip is 86 MPa. Both the normal stress
and SERR at the vertical crack tip are greater than those at the
horizontal crack tip, which indicates that the crack is more likely
to continue propagating in the vertical direction. In contrast, for
the conventional method, the horizontal crack tip has higher
normal stress and SERR than the vertical crack tip, suggesting that
under this condition, the crack tends to propagate transversely,
which is unfavorable for the formation of vertical cracks. The
influence of the length of preexisting horizontal pores on the
SERR for different cracking directions was further investigated, as
shown in Figs. 10(b1) and 10(b2). As the horizontal pore length
increases, the SERR at the horizontal crack tip first increases and
then tends to stabilize; in contrast, the SERR at the vertical crack
tip gradually decreases and eventually becomes lower than that at
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the horizontal crack tip. For the method of forming vertical cracks
from the inside-out method, the SERR of vertical cracks is greater
than that of horizontal cracks over a relatively large range (with
horizontal crack lengths of approximately 2-40 um). However, for
the conventional method, this range is very small (approximately
2-15 pm), making it inevitable that the lengths of some 2D pores
will exceed this range. The inside-out method of forming vertical
cracks significantly increases the SERR in the vertical cracks while
effectively reducing it in the horizontal cracks. This keeps the
vertical SERR higher than the horizontal SERR over a wider range,
which is more favorable for crack propagation along the vertical
direction. Figures 10(cl) and 10(c2) illustrate the limitation of
vertical crack formation via the conventional method: As vertical
cracks propagate downward, they may change direction, leading
to the generation of transverse cracks and even layer delamination
in the TBCs. Moreover, vertical cracks begin to form on the
surface only after the entire coating has been fully deposited. The
gradient structure and the lamellar porous structure in the top
region relieve stress, resulting in fewer vertical cracks. In contrast,
for the inside-out method of forming vertical cracks, vertical
cracks first form in the dense bottom region during the initial
deposition stage. As spraying continues, the preexisting vertical
cracks act as crack sources, promoting further crack propagation
during the layer-by-layer deposition and cooling process until the
cracks extend to the entire top of the coating. This process
accounts for the considerable crack depth and density achieved by
the inside-out method. Therefore, the superior preparation
method is the reason for the longer vertical cracks and smaller
vertical crack spacing in the TBCs. In the as-sprayed state, deeper
vertical cracks and smaller vertical crack spacing in the coating
provide higher ST, thereby enabling the coating to exhibit an
extended lifespan.

5.2 Failure mechanism

5.2.1 Failure mechanism caused by the growth of TGO

During the high-temperature service of TBCs, BC undergoes
oxidation. The equivalent thermal exposure time was calculated
based on the thermal cycle lifespan of the samples, and the
TGO thicknesses of different failed samples were statistically
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analyzed, as shown in Fig. 11. The scatter points show a good fit
with the fitted line, indicating that the TGO thickness has an
approximately parabolic relationship with oxidation time. In the
early stage of service, the TGO grows rapidly; as the TGO
thickens, its growth rate gradually slows. Grad-VCs have the
longest thermal cycle lifespan, and the failure TGO thickness is
also the largest, averaging approximately 6.6+1.3 pm, which
exceeds the critical TGO thickness (approximately 5-
6 um) [30,53].

In the cross-sectional morphology of the TGO in the failed
Grad-VGs, it is found that, in addition to the white YSZ phase, the
metallic BC phase, and the black TGO, there is also a gray-
contrast phase on the side of the TGO close to the ceramic TC, as
shown in Fig. 12(a). The energy-dispersive spectroscopy elemental
mapping is shown in Fig. 12(b). The results indicate that the gray-
contrast phase is mainly composed of mixed oxides of elements
such as Ni and Cr. As the Al in BC is continuously consumed, it 1r
becomes difficult to continue forming a uniform and dense a-

B Porous-No-VCs
o Grad-No-VCs

o Grad-Short-VCs
@ Porous-VCs
&)

n =2 2 o
T

TGO thickness (um)

N W A

ALO; TGO [54,55]. Meanwhile, mixed oxides grow rapidly, 5 10 15 20 25
leading to a continuous increase in internal stress within the Oxidation duration (h'?)
coating, which can easily cause the coating to crack [56-58]. Fig. 11 Oxidation kinetics curve of TGO.
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Therefore, the oxidative thickening of TGO is one of the main
causes for the failure of TBCs in this study.

5.2.2 Failure mechanism caused by decreases in ST

During the cyclic service process of TBCs between high and low
temperatures, they need to withstand the thermal mismatch strain
caused by the difference in thermal expansion coefficients between
the ceramic TC and the metal substrate. The porous lamellar
structure of plasma-sprayed TBCs can withstand such strain
relatively well. However, due to the sintering effect at high
temperatures, the microstructure of the ceramic TC gradually
changes over time, leading to performance degradation and
ultimately to coating failure. Therefore, attention should first be
paid to the changes in the morphological structure of the coating
during thermal exposure. Figure 13 shows the morphological
changes of the gradient coating after exposure to a high-
temperature environment of 1300 °C for different durations. With
the extension of sintering time, shrinkage and reduction of the
pore structure can be observed in all three regions of the gradient
coating. The 2D pore lines gradually become shorter or even
disappear, leaving only some spherical pores, and the overall
structure of the coating tends to be significantly denser.

Observing TBCs at a finer microscopic scale can explain this
change, as shown in Fig. 14. The as-sprayed splats are composed
of numerous columnar grains with smooth and flat surfaces. Due
to limited bonding, there are 2D pores distributed between the
splats, which are wide in the middle and narrow around the edges.
After thermal exposure, the surfaces of the splats gradually change
from relatively smooth to rough and undulating, and the grains
gradually merge and grow. As the thermal exposure time is
prolonged, the raised grains on the rough upper and lower
surfaces of some 2D pores gradually approach or even come into
contact with each other, causing long 2D pores to be divided into
several short parts. This contact eventually leads to the healing of
some 2D pores.

Changes in the microstructure induce changes in its
mechanical properties. The variation of the pore structure
parameters and mechanical properties of the gradient TBCs with
thermal exposure time at 1300 °C are shown in Fig. 15. As the
thermal exposure time is prolonged, the porosity and 2D pore
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Fig. 12 (a) TGO morphology and (b) elemental distribution.

density first decrease rapidly, then the decrease gradually slows,
and the values tend to stabilize, showing a two-stage characteristic
with two different rates of change. In contrast to the changes in
pore structure, both the hardness and elastic modulus of the
coating increase. The increase is significant within 20 h and then
becomes slight after 20 h, showing a two-stage characteristic
similar to that of the pore structure.

The as-sprayed plasma-sprayed TBCs have a high ST, which
benefits from their typical porous lamellar structure. However,
after thermal exposure, the service performance of the TBCs
deteriorates due to inevitable structural densification. Therefore, it
is necessary to explore in detail the correlation between the
structural and performance changes of the coating. The stiffening
degree is used to characterize the change in elastic modulus after
thermal exposure relative to the as-sprayed state, and its
relationship to the degrees of change in the coating’s hardness, 2D
pore density, and porosity is established, as shown in Figs. 16(al)
and 16(a2). It can be observed that the degrees of change in the
coating’s 2D pore density, hardness, and elastic modulus are
relatively close, while the degree of change in porosity is
significantly smaller. Specifically, the degrees of change in 2D pore
density, hardness, and elastic modulus in the three different
regions of the gradient TBCs all exceed 60%, while the degree of
change in porosity in the bottom region of the coating does not
exceed 30% and those in the top and middle regions are only
approximately 20%.

Due to the inevitable thermal mismatch strain during the
service of TBCs, the coatings are required to exhibit ST. ST is one
of the key performance indicators for the service of TBCs, and its
level directly affects the lifespan of TBCs. ST can be approximately
characterized by the reciprocal of the elastic modulus (1/E) [28].
Further statistical analysis was conducted on the variations of 2D
pore density and porosity with normalized ST in different regions
of the gradient TBC, as shown in Figs. 16(b1) and 16(b2). When
the 2D pore density is zero, the porosity remains a nonzero
positive value, which indicates that the total porosity in the coating
is contributed by both 2D pores and 3D pores. However, at this
point, the normalized ST is close to zero. Compared with porosity,
2D pore density and normalized ST show a better fit, and the two
are approximately proportional to each other. In contrast, porosity
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cannot well reflect the ST of the coating, and using it to predict the
coating’s ST will result in large errors. In addition, by comparing
different regions, it can be observed that the fitting curve of the
bottom region has a smaller y-intercept, which is related to the
fewer pores in the dense bottom.

Therefore, the 2D pore network formed by the interconnection
of pores between unbonded splats and microcracks within splats
is the reason that plasma-sprayed TBCs have high ST. Meanwhile,
the healing of 2D pores during the sintering process is the main
reason for the increase in coating hardness and elastic modulus, as
well as the decrease in ST. During high-temperature service, the
coating undergoes sintering, which leads to an increase in elastic
modulus. This causes an increase in internal stress and a decrease
in ST. Eventually, excessive SERR triggers crack propagation,
resulting in coating spallation and failure.

https://doi.org/10.26599/JAC.2026.9221332

5.2.3 Failure mechanism dominated by sintering and oxidation

In reality, during the service of TBCs, sintering and oxidation
occur simultaneously. Due to exposure to high temperatures, the
ceramic TC undergoes sintering stiffening, which in turn increases
the stress and SERR. At the same time, due to oxidation at high
temperatures, the TGO continuously thickens, which also
significantly increases the stress in the coating. Therefore, to
investigate the changes in stress and SERR under the combined
effect of sintering and oxidation, this study simulated the thermal
cycling process of TBCs, during which both TC stiffening and
TGO thickening occur simultaneously. As shown in Figs. 17(a)
and 17(b), during the thermal cycling process, both the maximum
normal stress and the maximum shear stress occur in the vicinity
of the TGO. As the TGO oxidizes and the elastic modulus of the
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ceramic TC increases, the stress at the tip of the horizontal crack
gradually increases. Figure 17(c) shows that within the initial 5
cycles, the SERR increases sharply, while in the subsequent cycles,
it grows steadily. It can be anticipated that due to the synergistic
effect of sintering and oxidation, the SERR will continue to
increase, ultimately leading to coating failure. In addition, after the
same number of thermal cycles, the SERR of the gradient-
structured coating is always lower than that of the conventional
lamellar porous coating. This implies that the gradient structure
can not only improve the cracking resistance of the coating but
also reduce the cracking driving force. A smaller SERR indicates
that the coating is less prone to cracking, which is consistent with
the actual thermal cycling results, in which the gradient coating
has a longer lifespan than the porous lamellar structure.

5.3 Mechanism of high insulation and long lifespan

Figure 18 shows the influence of the vertical crack spacing on the
coating stress and horizontal crack propagation driving force.
Figures 18(a) and 18(b) show that as the vertical crack spacing
increases, both the normal stress and shear stress increase
significantly at first and then stabilize. For the 2-mm-thick
gradient TBCs, when the vertical crack spacing is less than 8 mm,
the crack spacing has a significant impact on the stress, whereas
when the spacing exceeds 8 mm, its influence on the stress
becomes minor. Figure 18(c) demonstrates the relationship
between the SERR at the horizontal crack tip within a thick
gradient coating and the vertical crack spacing. When the vertical
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crack spacing is 1 mm, the SERR at the horizontal crack tip of the
cracking-prone interface is 17.4 N-m™. At a spacing of 8 mm, the
SERR at the crack tip is 96.5 N-m™, which is 5.5 times that at a
spacing of 1 mm. When the spacing is 20 mm, the SERR at the
crack tip reaches 106.7 N-m™, 6.1 times the value at a spacing of
1 mm. The variation trend of SERR with vertical crack spacing in
the gradient thick coating is similar to that of stress. When the
crack spacing is greater than 8 mm, the influence of crack spacing
on SERR is minor; when the crack spacing is less than 8 mm,
SERR decreases significantly as the crack spacing decreases.
Therefore, gradient columnar TBCs need to have a smaller vertical
crack spacing, thereby achieving a lower SERR and improving the
lifespan of the coating.

In general, whether a TBC cracks depends on the competition
between the SERR (also referred to as G) and the resistance to
crack propagation (which is positively correlated with fracture
toughness). A horizontal crack will propagate only when G
exceeds the critical value. For TBCs without vertical cracks, G can
be expressed as Eq. (4) [28,59]:

 hE(Aa- ATY

2(1 —v) @

where h is the distance from the horizontal crack tip to the coating
surface; E is the elastic modulus of the coating; A« is the difference
in thermal expansion coefficients between the coating and the
substrate; AT is the temperature difference between the operating
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temperature and room temperature; v is Poisson’s ratio of the
coating.

After thermal exposure, the coating undergoes sintering and
stiffening, and the G value increases significantly, eventually
exceeding the critical value Gy, leading to cracking and spalling.
The critical crack propagation driving force (Gyc) can be expressed
by Eq. (5) [60]:

2
KIC

(1 =) (5)
where K¢ is the fracture toughness of the coating.

For the gradient TBCs in this study, compared with the
conventional porous lamellar TBCs, their dense toughening layer

https://doi.org/10.26599/JAC.2026.9221332

at the bottom has a higher Ki¢, enabling it to withstand a larger G
without fracturing. Thus, the advantages of the gradient columnar
structure can be observed. On one hand, due to the toughened
bottom layer, the gradient-structured TBCs exhibit a high critical
Gic- On the other hand, when vertical cracks are present, G within
the coating is further reduced, and a smaller crack spacing
corresponds to a smaller G.

In many previous studies, columnar structures were fabricated
to enhance the lifespan of TBCs. The normalized lifespans of
different columnar coatings relative to traditional coatings are
shown in Fig. 19(a) [20,28,29,61-68]. TBCs with a very small
intercolumnar pore spacing (L, including vertical crack spacing)
can be prepared by EB-PVD and PS-PVD. Compared with
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conventional APS lamellar TBCs, their lifespan is significantly
improved. In addition, the lifespan of DVCs, which are obtained
by introducing vertical cracks into dense coatings, is also
improved. From these studies, it appears that when the influence
of coating thickness is not considered, a smaller L tends to
correspond to a longer lifespan. However, the actual situation is
more complex because lifespan is also related to the coating’s
microstructure and mechanical properties. Recently, vertical
cracks were fabricated in porous lamellar TBCs via solution
precursor plasma spraying or by subjecting the coatings to
thermal ~shock after plasma spraying, resulting in
columnar/lamellar bimodal-structured TBCs (which also belong
to PVC). Due to their porosity, these bimodal-structured TBCs
exhibit a low elastic modulus, which leads to a reduced driving
force for crack propagation, thereby improving the lifespan.
However, due to the size limitation of individual splats in plasma
spraying, it is difficult to achieve an L as small as that in EB-PVD;
on the other hand, because of the lamellar porous bottom,
columnar/lamellar bimodal-structured TBCs are still prone to
cracking and spallation. In this work, the crack resistance of the
coating can be further improved through the pore gradient
structure along the coating thickness direction, thereby further
extending its lifespan.

A long lifespan and high thermal insulation are two
fundamental performance requirements for next-generation
TBCs. However, in traditional research on TBCs, due to the
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limitations of the monostructure, it is difficult for coatings to
achieve both properties simultaneously, as shown in Fig. 19(b)
[18,28,37,50,64,66,69—72] and Fig. 19(c) (including DVC [18], PS-
PVD [50], EB-PVD [70], double-layer [72], and PVC [28]). TBCs
prepared by EB-PVD and PS-PVD have a long lifespan, but their
UTR is low. The optimization of thermal insulation capability and
lifespan through the structure of APS-prepared double-layer
coatings is also very limited. Compared with the traditional APS
lamellar structure, the DVC coating structure has an improved
lifespan but at the expense of thermal insulation capability.
Columnar/lamellar bimodal-structured TBCs have a long lifespan
while maintaining their thermal insulation capability, yet the
improvement in lifespan remains limited. In this study, compared
with traditional APS lamellar TBCs, thick gradient columnar
TBCs exhibit a significantly improved lifespan while maintaining
a high thermal insulation capability.

In summary, the synergistic effect of the macro-columnar,
mesogradient, and microlamellar structures constitutes the
mechanism behind the high thermal insulation and long lifespan
of the trimodal-structured TBCs. The microlamellar structure
endows the coatings with both high thermal insulation capability
and high ST, yet these properties degrade after thermal exposure.
For the mesogradient structure, its porous top region not only
enhances the thermal insulation but also reduces the SERR of the
TBCs due to its low elastic modulus, while its dense bottom region
improves the crack resistance of TBCs. At the macroscale, the
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columnar structure divided by vertical cracks effectively relieves
the internal stress of the TBCs, compensates for the reduced ST of
the coatings caused by sintering, and lowers the driving force for
crack propagation inside the coatings. In addition, vertical cracks
can alter the propagation direction of horizontal cracks and
hinder their continuous extension. These structural characteristics
work together to explain why the trimodal-structured TBCs can
exhibit high thermal insulation and a long lifespan.

6 Conclusions

In this work, a trimodal-structured TBC with macro-columnar,
mesogradient, and microlamellar structures was designed and
fabricated. This TBC exhibits a significantly extended lifespan
while maintaining high thermal insulation performance. The
mechanism underlying the high thermal insulation and long-
lifespan service of the trimodal-structured TBC was analyzed and
discussed. The conclusions of this study are as follows:

1) Under the premise of equivalent thermal insulation, a
trimodal-structured ~ thick TBC  with  macro-columnar,
mesogradient, and microlamellar structures was fabricated. Its
lifespan is approximately 16 times that of conventional lamellar
TBCs, nearly 4 times that of one-way designed columnar TBCs,
and 9 times that of one-way designed gradient TBCs.

2) The combined effect of lowering the driving force and
increasing the cracking resistance significantly retards crack
propagation. The eventual failure is attributed to the synergistic
effect of sintering-induced stiffening of the ceramic TC and
oxidation-induced thickening of the TGO.

3) The inside-out method of forming vertical cracks can
generate vertical cracks with a better structure within the gradient
coating. The resulting smaller crack spacing and greater crack
depth are key factors contributing to the superior lifespan of the
trimodal-structured TBC.
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