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Abstract: Thermal insulation capability and adhesion strength of thick thermal barrier coatings (TBC) produced by 
unpyrolyzed powder (UPTTBC) were compared with those of the conventional TBC, thick TBC (TTBC), and dense 
vertically cracked (DVC) TTBC. Thermal insulation capability was evaluated using temperature drop. The adhesion 
strengths of the coatings were also measured by pull-off test method according to ASTM C633. The results indicated 
that the adhesion strength of UPTTBC and DVC TTBC was 35% and 25% higher than that of the TTBC, respectively. 
This could imply that the non-melted areas with sub-micron dimensions in UPTTBC structure, act as a trap and prevent 
the cracks propagation. In addition, the results of thermal insulation tests showed that DVC TTBC coatings had the 
lowest thermal insulation capability with temperature drop rate of 0.28 °C/µm and UPTTBC coatings had the highest 
insulation capability with temperature drop rate of 0.40 °C/µm. Due to the presence of sub-micron zones in the 
microstructure of UPTTBCs, the coatings exhibited superior thermal insulation capability. In contrary, the DVC TTBC 
showed the lowest thermal insulation capability because of its dense structure. 
Key words: thick thermal barrier coating; dense vertically cracked thermal barrier coating; unpyrolyzed powder; 
adhesion strength; thermal insulation capability 
                                                                                                             
 
 
1 Introduction 
 

Thermal barrier coatings (TBCs), due to their 
low thermal conductivity, are widely used in gas 
turbines at high temperatures to reduce the surface 
temperature of hot section components. In fact, 
thermal barrier coatings by creating a temperature 
gradient, reduce the temperature of the substrate 
which results in higher engine efficiency and longer 
life of turbine components. To increase the 
efficiency of the engine, it is necessary to increase 
the working temperature, while the materials used 
in the engine have a temperature limit. Therefore, 
scientists are looking for improving the 
characteristics of the coating so that it can provide a 

higher temperature gradient [1−4]. 
The employing of thicker thermal barrier 

coatings (TTBCs) reduces the substrate temperature 
further and as a result, can increase the turbine inlet 
temperature of the engines and lowering the 
amounts of air needed for cooling hot section 
components. This will result in higher efficiencies 
of the engines. Despite better thermal insulation, 
increasing the thickness of TBCs reduces the 
service life of the coating [5,6]. Two main factors 
work simultaneously to reduce the service life of 
thick thermal barrier coatings: first, the higher the 
thermal gradient during service, the higher thermal 
stresses through the coating, and second, the elastic 
strain energy increase causing crack propagation in 
the coating [7]. 
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Many researches have been conducted to 

extend the service life of TTBCs by improving their 
microstructure; among them the formation of 
vertical cracks through the ceramic top coat has 
been very promising. Vertical cracks enhance the 
strain tolerance of the TTBCs and thus, the thermal 
stresses and thermal expansion mismatches between 
the bond coat and top coat are remarkably reduced. 
The dense vertically cracked (DVC) TBCs have 
been developed by increasing the density more than 
85% in air plasma sprayed (APS) TBCs which is 
obtained by “hot spraying” [8]. As a result of the 
dense structure, inter-splat gaps and horizontal cracks 
are almost eliminated, which leads to an increase in 
the thermal conductivity of DVC TBCs [9−11]. 

The authors have published the results of the 
successful development of the unpyrolyzed thick 
thermal barrier coatings (UPTTBCs) produced by 
the APS method, elsewhere [12−14]. These coatings 
have vertical cracks which are formed due to the 
shrinkage induced from the pyrolysis process of 
un-melted particles and not from high density of the 
coating, and therefore they have moderate porosity. 
Since other studies have been focused on producing 
DVC TBCs which results in higher thermal 
conductivity [7,15], production of UPTTBCs   
will be a promising approach to reduce thermal 
conductivity of vertically cracked TBCs. 

In addition to the other requirements of TBC 
systems, the adhesion strength is a main necessity 
of the coatings, as well. The capability of coating to 
adhere to the substrate during coating is called 
adhesion strength which is one of the most effective 
parameters in coatings quality. In the case of 
UPTTBCs, the residual stresses and submicron size 
zones throughout the coatings can affect the 
adhesion strength of the coatings. Generally, there 
are three bonding types, consisting of mechanical, 
physical, and metallurgical ones which can occur in 
thermal spray coatings. Several factors are at work 
which affect the bonding type like substrate and 
coating composition, surface temperature and 
roughness, kinetic energy, and temperature of the 
particles reached to the surface [16]. 

Cohesion and/or adhesion strength of thermal 
spray coatings are affected by adhesion of the 
melted and/or semi-melted particles to the substrate, 
splats morphology, strength between splats, 
morphology and size of cracks, porosities, and 
defects; the greater the adhesion/cohesion of the 

coating, the better the performance and the higher 
the life during service [17]. Since the UPTTBCs 
show bimodal microstructure with un-melted zones, 
there is a concern about the bonding of the adhesion 
and/or cohesion strength of the coating. 

In the present study, the thermal insulation 
capability and adhesion strength of the UPTTBC 
have been evaluated and compared with the 
conventional TBC, TTBC, and DVC TTBC. 
 
2 Experimental 
 
2.1 Plasma spray process and sample 

characterization 
The disc-shaped specimens with 25 mm in 

diameter and 2 mm in thickness were laser cut from 
Hastelloy X solid solution nickel-based superalloy 
and were used as substrate. In order to form the 
bond coat for all the specimens, Ni23Co17Cr12- 
Al0.5Y (wt.%) (Amdry 365-2, Oerlikon Metco) 
powder was used, and to form the top coat, 
agglomerated and sintered 7 wt.% yttria stabilized 
zirconia (7YSZ) (Amperit 827, Starck) was used for 
the TBC, TTBC, and DVC TTBC samples. The 
unpyrolyzed YSZ powder with the same chemical 
composition of Amperit 827 (7 wt.% yttria 
stabilized zirconia) was synthesized by the co- 
precipitation method using the appropriate ratio of 
zirconium oxynitrate and yttrium nitrate and was 
used to produce UPTTBCs. Before applying the 
bond coat, the substrate was grit blasted with 
alumina particles with 24 mesh, impact angle of 90°, 
at a pressure of 0.3−0.4 MPa and a distance of 
about 10 cm, in order to remove contaminations and 
surface oxides and make a rough surface. Argon gas 
was used as the carrier and primary gas and 
hydrogen were used as the secondary gas. 
Parameters of air plasma spraying which were 
applied by the 3MB gun are given in Table 1. 

Scanning electron microscopy (SEM) 
(CamScan−MV2300) was used to evaluate the 
microstructures and chemical composition of the 
phases. Moreover, in order to achieve better 
evaluation, field emission SEM (Hitachi, SU 8040) 
was employed for fractography. 
 
2.2 Adhesion strength test 

ASTM C633 — 01 standard test method    
was used to determine adhesion strength (bonding 
strength) of a coating to a substrate or the cohesion 
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Table 1 Parameters of air plasma spraying 

Sample Primary gas flow 
rate/(L·min−1) 

Secondary gas flow 
rate/(L·min−1) Current/A Gun 

speed/(m·s−1) 
Feeding 

rate/(r·min−1) 
Distance/ 

cm 
Bond 55 14 700 0.7 3 12 

Conventional TBC 46 14 700 0.9 6 12 
TTBC 48 12 700 1 4 10 

UPTTBC 48 12 700 1 2.5 10 
DVC TTBC 46 14 700 0.6 6 7 

 
strength of the coating [18]. According to this 
standard, if the fracture occurs at the top coat/bond 
coat interface or the bond coat/substrate interface, 
the value is called adhesion; if the fracture occurs 
within the top coat or the bond coat, it shows the 
cohesion strength of the coating [19−22]. 
 
2.3 Thermal insulation test 

The thermal insulation capability was 
evaluated using temperature drop across the coating 
with a system designed, as shown in Fig. 1. Furnace 
temperature T0, the temperature of reference sample 
T1, and temperature of the sample with thermal 
barrier coating T2 are defined. The temperature was 
recorded during the test and temperature versus 
time curve was plotted. At about 10 min after the 
furnace temperature was reached to 1200 °C, T1 and 
T2 became fixed and then the thermal insulation 
capability was obtained by the mean value of 
temperature reduction across the coating 
(ΔT=T1−T2). Figure 1 shows thermal insulation test 
schematically. 
 

 
Fig. 1 Schematic representation of thermal insulation test 
 
3 Results and discussion 
 
3.1 Microstructure of coatings 

Figure 2 illustrates morphology and micro- 
structure of the unpyrolyzed powder produced by 
co-precipitation method. 

 
Fig. 2 SEM images of unpyrolyzed powder 
 

Figure 3 shows the cross-sectional micrograph 
of conventional and thick TBCs deposited with 
parameters given in Table 1. The bond coat consists 
of splats separated by oxidized boundaries with a 
thickness of (210±10) µm. Top coats have the 
typical structure of TBCs including splats and 
porosities; the thicknesses for conventional TBC 
and TTBC samples are measured to be (491±28) 
and (920±21) µm, respectively. The average value 
of thicknesses was achieved by Image Analysis 
Software after ten measurements. 

Decreasing the spraying distance and the 
plasma gun speed, in the deposited samples of DVC 
TTBC, as shown in Table 1, results in the formation 
of vertical cracks in the coating. Figure 4 shows a 
dense structure along vertical cracks across the  
top coat. Shrinkage of solidification as well as 
inter-splat bonding during deposition result in an 
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Fig. 3 Cross sectional microstructure of conventional 
TBC (a) and TTBC (b) produced under condition of 
Table 1 
 

 
Fig. 4 Cross sectional image of DVC TTBC 
 
increase in tensile stresses which when released 
cause the formation of vertical cracks [23−25]. 
When the length of vertical cracks is more than  
half of the coating thickness, they are called 
segmentation cracks. Moreover, the density of 
segmentation cracks (Ds) is defined as the number 
of segmentation cracks against the coating length. 
Ds is obtained to be 2.9 mm−1, according to 

measurement of 5 images of the sample. In the 
present work, in order to obtain DVC structure, 
spray distance, gun speed, and argon/hydrogen gas 
flow rates ratio are reduced, as shown in Table 1. 

Figure 5(a) shows the bimodal microstructure 
of the UPTTBC sample in which semi and/or 
non-molten submicron-sized particles are trapped 
among conventional splats (some semi and/or 
non-molten zones are marked by a white arrow in 
the structure). Vertical cracks are also observed in 
the structure, which distinguishes these coatings 
from conventional bimodal coatings produced by 
using nanostructured powders that have been 
studied in previous researches [14,26−28]. In order 
to achieve a bimodal structure in the UPTTBC 
coatings, the melting of un-pyrolyzed agglomerated 
powders during the spraying process is controlled  
in such a way that the outer shell of the particle   
is melted and the particle core remains intact. 
Figure 5(b) shows non-molten particles surrounded 
by normal splats. By controlling particles melting, 
the molten part acts as a binder, and the final 
structure is formed of semi and/or non-molten 
particles that are trapped within the typical splats.  
 

 
Fig. 5 Cross sectional SEM images of UPTTBC (a) and 
non-molten particles (b) 
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However, a remarkable feature of the coating 
produced with unpyrolyzed powder is the formation 
of vertical cracks in the coating structure which is 
not normally observed in bimodal coatings. The Ds 
values for the UPTTBC was measured to be 
2.1 mm−1. 

Figure 6(a) shows the fracture surface of the 
UPTTBC sample in which microporosity, intra and 
inter splat cracks can be observed in the structure. 
In higher magnification (Fig. 6(b)), the bimodal 
structure can be seen, as well, including fully 
melted and solidified particles along with semi- 
melted ones. Also, some spherical particles can be 
seen in the microstructure. 
 

 
Fig. 6 FESEM surface fracture micrographs of UPTTBC 
(UM: Remnant un-melted mass; MP: Micro-sized/ 
submicron-sized pore; Inter SC: Inter splat crack; Intra 
SC: Intra splat crack; SP: Spherical particles) 
 

Figure 6(c) illustrates nano/submicron-sized 
pores that exist within the remnant un-melted 
masses. This structure is formed when some 
unpyrolyzed particles cannot reach the appropriate 

temperature in the plasma plume for melting, and 
therefore are embedded in the coating as un-melted 
ones. 
 
3.2 Adhesion strength 

The results of adhesion strength tests for the 
conventional TBC, thick TBC, DVC TTBC, and 
UPTTBC are listed in Table 2. The average tensile 
strengths of the samples are shown in Fig. 7 for   
a better comparison. The stress−strain curve for  
all the samples showed no apparent plastic 
deformation before fracture, and thus, a brittle 
fracture occurred. 
 
Table 2 Adhesion strength test results  for TBC, TTBC, 
DVC TTBC and UPTTBC (MPa) 

Sample 1 2 3 Average 

Conventional TBC 26.1 24.3 28.6 26.3 

TTBC 19.8 21.2 18.9 20 

DVC TTBC 24.1 25.1 27.1 25.4 

UPTTBC 28.7 30.1 24.1 27.6 

 

 
Fig. 7 Comparison of adhesion strength of different 
TBCs 
 

Comparison of the adhesion strengths of 
conventional TBC and TTBC samples indicates that 
as the thickness of the coating increases, the 
adhesion strength of the top coat/bond coat 
decreases, which shows the dependency of the 
thickness and adhesion strength. As the thickness 
doubles, adhesion strength is reduced by 
approximately 25%. The increase of shrinkage 
forces resulting from thicker coating which acts 
against the bonding forces could be the reason for 
this drop in the strength value. STEFFENS et al [29] 
reported that with an increase of coating thickness 
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of 7YSZ from 0.3 mm to over 4 mm, the adhesion 
strength decreases from 38 to 10 MPa. Another 
research by LEE et al [6] about the effects of 
different spray guns and the thickness of the 
ceramic coating on adhesion strength of TBC 
showed that the adhesion strength for the 600 μm 
TBCs was higher than that of 2000 μm-thick TBCs, 
independent of the spray gun; The adhesion 
strengths of TBCs with the thickness of 600 µm 
produced by 9MB and Triplex were (79±1.0) and 
(79±0.6) MPa, respectively, which proves the 
independency of the type of gun. 

The DVC TTBC samples have higher adhesion 
strength compared to TTBC samples. In order to 
explain this behavior for DVC TTBC, adhesion 
mechanisms need to be evaluated. Generally, three 
types of bonding between the particles and the 
substrate are considered in thermal barrier coatings: 

(1) Mechanical bonding: mechanical 
interlocking due to the surface roughness of the 
substrate (this roughness is formed by sandblasting 
of substrate before plasma spraying process or by 
depositing a bond coat before spraying the ceramic 
layer). 

(2) Metallurgical bonding: chemical reactions 
on the surfaces due to diffusion. 

(3) Epitaxial bonding between similar crystal 
structure of coating and substrate [30]. 

During spraying at low temperatures, 
mechanical interlocking would be the main 
adhesion mechanism. High-strength bonding occurs 
between the colliding particles and the substrate 
surface by the flow of molten droplets on the 
surface and their solidification around the 
irregularities of the surface. Shrinkage due to rapid 
cooling of sprayed particles increases the adhesion 
strength caused by mechanical interlocks. The high 
temperature of the substrate during spraying may 
cause metallurgical bonding between splats and 
substrate. If the sprayed material had a crystal 
structure similar to or the same as that of the 
substrate, an epitaxy mechanism could be added, as 
well [31]. 

Therefore, two types of bonding may be 
involved in the desired adhesion strength of dense 
TBC: (1) mechanical and (2) chemical. If the 
temperature of the molten particles, reaching the 
surface, is high enough, the possibility of splats 
break up, the splashing of the particles after hitting 
the surface decreases and the splats tend to flatten 

into a disc shape [32,33]. FUKUMOTO et al [34] 
showed that at high rates of cooling of molten 
particles on the substrate, a porous solidified layer 
is formed at the contact surface of the particle and 
the substrate, which accelerates the rate of molten 
droplet expansion and splashing; while at lower 
solidification rates, a better bond between splats 
and substrates is formed and splat flattening is 
dominated, which causes the formation of 
disc-shaped splats. According to Rayleigh–Taylor 
instability, the more rapidly the droplet flattens, the 
more complex the shape of droplet is, i.e. splashing 
occurs [34]. 

Molten particles splashing, after hitting the 
surface, leads to cavities in the joint of the substrate 
and the coating. These cavities can be too small to 
be filled with subsequent splats, which may cause 
cooling to occur more rapidly, which reduces the 
time for chemical bonding [35]. 

Therefore, in the case of the DVC TTBC 
sample, due to the higher temperature of the 
particles that reach the surface, solidification in the 
form of a disc is encouraged, which creates a 
stronger mechanical bond and a longer 
solidification time, thus providing the conditions for 
chemical bonding. In addition to the mentioned 
factors, it should be noted that in thermal barrier 
coatings with vertical cracks, the stresses caused by 
the contraction of the splats are released as a result 
of the growth of vertical cracks. Therefore, the 
residual stresses in the coating structure which 
resist against the mechanical and chemical bonding 
of the coating and substrate decrease. 

By comparing the adhesion strength of 
UPTTBC with TTBC and DVC TTBC, it was found 
that the adhesion of UPTTBC is stronger than 
TTBC and DVC TTBC. As observed in the 
microstructure evaluation, this coating contains 
areas of un-melted powders with sub-micron size 
particles. Although these areas reduce the hardness 
of the coating, they can act as areas resistant to the 
growth of micro-cracks and prevent the destruction 
of the coating under tensile stresses. LIMA and 
MARPLE [36] compared the adhesion strength of 
micrometer and sub-micrometer titanium oxide 
(TiO2) coatings produced by thermal spraying and 
found that coatings with sub-micrometer areas have 
higher adhesion strength. BANSAL et al [37] 
compared the inter-facial toughness in conventional 
and bimodal (nanostructured) plasma spraying 
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coatings of Al2O3−13wt.%TiO2. They found that in 
the interface of the substrate and the first fully 
molten splats in both coatings, cracks occurred, 
whereas the partially molten regions in nano- 
coatings were completely adherent. Therefore, 
another factor, for having higher adhesion strength 
of the UPTTBC, could be the proper adhesion of 
partially molten sub-micrometer particles to the 
substrate. 

Images of specimens after the adhesion test, 
including conventional thermal barrier coating, 
thick thermal barrier coating, thick thermal barrier 
coating with dense vertical cracks, and thermal 
barrier using unpyrolyzed powder are shown in 
Fig. 8. 
 

 
Fig. 8 Images of specimens after adhesion test 
 

According to Fig. 8, almost in none of the 
adhesive strength tests, coatings were detached 
completely from the interface of the substrate and 
the bond coat. SMITH et al [38] showed that the 
adhesion of the bond coat to the substrate in thermal 
barrier coatings is usually adequate and is higher 
than 40 MPa. Moreover, in thermal barrier coatings, 
the adhesion of the bond coat and the ceramic top 
layer is important and the coatings will fail in this 
area more probably. It should be noted that the bond 
coat has a crystal structure similar to the substrate 
and therefore the epitaxial adhesion mechanism, in 
addition to mechanical interlocks, helps to increase 
the adhesion strength of nickel-based splats to the 
nickel-based substrate and this adhesion is usually 
better than that of ceramic splats to the metallic 
ones. Besides, since the difference in thermal 
expansion coefficient (CTE) of the bond coat and 
the top layer is greater than the difference of CTE 
of the bond coat and substrate, the residual thermal 
stresses on the interface of the top and bond coat 
are more than those of the bond coat and substrate. 

Therefore, the interface of the top-bond coat is 
more prone to crack initiation and subsequent 
growth during the adhesion test [16]. 
 
3.3 Thermal insulation capability 

The most important purpose of using thermal 
barrier coatings is to protect the substrate from high 
temperatures and reduce the operating temperature 
of the substrate. Therefore, thermal insulation can 
be one of the most important variables in evaluating 
thermal barrier coatings. 

Figure 9 shows the thermal insulation diagram 
for the conventional TBC. According to the results, 
the average temperature drop for conventional 
coating was measured at about 188 °C. 

Figure 10 shows the thermal insulation 
diagram for the TTBC sample. Based on the results, 
the average temperature drop for thick coating is 
about 338 °C. As can be seen, the amount of 
temperature drop depends on the thickness of    
the coating, and the thick thermal barrier coating 
with a thickness of 920 μm has further reduced the 
substrate temperature by 79% compared to the 
conventional one with 490 μm in thickness. 
 

 
Fig. 9 Temperature−time diagram of furnace, reference 
sample and conventional TBC sample 
 

 
Fig. 10 Temperature−time diagram of furnace, reference 
sample and TTBC sample 
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Figure 11 shows the thermal insulation 
diagram for a thick thermal barrier with a dense 
structure. According to the results, the average 
temperature drop for the coating is about 232 °C. 
Thick thermal barrier coatings with dense structures 
compared to thick thermal barrier coatings show 
less ability to reduce the temperature of the 
substrate, which is due to the different structures of 
these coatings. In thermal barrier coatings, porosity 
and inter-splat cracks/gaps are the most important 
factors in reducing heat transfer. Since dense 
thermal barrier coatings have less porosity and also 
due to high spray temperature, the density of 
inter-splat boundaries have decreased, so heat 
transfer has increased. 
 

 
Fig. 11 Temperature−time diagram of furnace, reference 
sample and DVC TTBC sample 
 

Figure 12 shows the thermal insulation 
diagram for the thick thermal barrier coating 
produced with unpyrolyzed powder. According to 
the diagram, the average temperature drop for the 
coating is about 370 °C. The thermal insulation 
capability of deposited thermal barrier coatings 
using unpyrolyzed powder is higher than that of the 
thick thermal barrier coatings and thick thermal 
barrier coatings with dense structure. Obviously, 
increasing the porosity of this coating compared to 
dense coatings is the main factor in increasing this 
capability, but comparing the results of thermal 
insulation capability of this coating with a thick 
thermal barrier coating that has almost the same 
porosity shows other factors are effective in this 
temperature drop. The microstructure of the coating 
with unpyrolyzed powder showed bimodal structure 
compared to the conventional coatings, which 
includes non-melted areas with sub-micrometer 
particles. These areas create more grain boundaries 

in the structure and these boundaries can cause 
phonon scattering. 
 

 
Fig. 12 Temperature−time diagram of furnace, reference 
sample and UPTTBC sample 
 

Variables such as thickness, chemical 
composition, crystal structure and microstructure of 
the coating are effective in reducing the heat 
transfer of thermal barrier coatings [39]. 

(1) Thickness of the coating: Thermal barrier 
coatings are used in parts that have cooling, so the 
temperature gradient is created through the TBCs 
and with increasing the thickness of the coating, the 
temperature drop increases. 

(2) Microstructure: The microstructure of 
thermal spraying coatings consists of splats and 
porosities and micro-cracks/gaps are created among 
the splats. The porosities and microcracks are in the 
perpendicular direction to the heat transfer direction 
and reduce the heat transfer in the coating [39]. 

(3) Crystal structure: Phonon scattering causes 
thermal insulation in TBCs. Therefore, the decrease 
in thermal conductivity is related to the phonon 
scattering. Phonon scattering reduces the phonon 
mean free path and reduces heat transfer. Phonon 
mean free path is affected by phonon−phonon 
scattering, scattering due to defects and grain 
boundaries. The phonon mean free path (l) is 
defined by Eq. (1) [40]:  

i p gb

1 1 1 1
l l l l
= + +                          (1) 

 
where li, lp and lgb are defined as intrinsic scattering 
conductively, scattering due to point defects and 
scattering due to grain boundaries, respectively.  
The zirconia-based coatings have low intrinsic 
scattering conductively [40]. The degree of phonon 
scattering due to defects depends on the number of 
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defects and their strength. The degree of strength is 
related to the quadratic difference between the 
atomic mass of the solute atom and the solvent 
atom. In the case of YSZ coatings, point defects due 
to the replacement of Zr with Y are negligible due 
to their low strength, as they have close atomic 
mass (yttrium 89 g/mol and zirconia 91 g/mol) [41]. 
Therefore, the vacancy has a greater effect than the 
substitutional atoms, and the reason for the decrease 
in heat transfer in these coatings is the creation of 
an O−2 vacancy, which is created by adding yttria to 
zirconia to balance the ionic network electrically.  
In conventional zirconia-based thermal barrier 
coatings, scattering due to grain boundary is 
negligible due to the short phonon mean free path 
compared to grain size [42]. 

The results of the thermal insulation capability 
of thermal barrier coatings are summarized in 
Table 3. In order to more accurately compare the 
effect of microstructure on heat transfer and avoid 
the effect of coating thickness on the results, the 
amount of temperature drop per 100 µm coating 
thickness (temperature drop rate) is reported. 
 
Table 3 Temperature drops in thermal insulation 
capability test 

Sample 
Coating 

thickness/ 
µm 

Temperature 
drop/°C 

Temperature 
drop rate/ 
(°C·µm−1) 

Conventional 
TBC ~491 188 0.38 

TTBC ~920 338 0.37 

DVC TTBC ~820 232 0.28 

UPTTBC ~910 370 0.40 

 
The results of thermal insulation test show that 

DVC TTBC coatings have the lowest and UPTTBC 
coatings have the highest thermal insulation 
capability. In this study, the influence of coating 
thickness, intrinsic heat transfers and point defects 
in the analysis of the results shown in Table 3 can 
be neglected, and thus the microstructure is the 
most important factor which affects the thermal 
insulation capability. Hot spraying in the case of  
the DVC TTBCs results in dense structure and 
reduction of porosity, which leads to the increase  
of heat transfer. Therefore, using DVC coatings, 
which have the advantage of high strain tolerance, 
could be less favorable due to the increased heat 
transfer [10]. 

In the case of UPTTBCs which have the best 
thermal insulation capability, it seems that, the 
presence of non-melted areas and sub-micron size 
porosity have reduced the heat transfer in the 
coating. RAUF et al [40] reported that small grain 
size can affect phonon scattering, so submicron- 
sized crystalline grains in non-melted areas of 
UPTTBCs can reduce heat transfer. 
 
4 Conclusions 
 

(1) Air plasma spraying the unpyrolyzed YSZ  
powder leads to the bimodal microstructure with 
columnar structure in the melted zone and the 
remaining un-melted submicron-sized particles 
along with vertical cracks throughout coating 
thickness. 

(2) UPTTBCs have higher adhesion strength in 
comparison with the TTBCs and DVC TTBCs, 
since UPTTBCs contain submicron-zone and have 
the capability to control crack propagation. 

(3) Thermal insulation in DVC TTBC coatings 
is severely reduced due to reduced porosity and 
elimination of inter-splat spaces. The presence of 
numerous porosities inside the submicron-sized 
zones and higher phonon scattering due to increased 
grain boundaries in splats improve the thermal 
insulation of the UPTTBCs, as compared with the 
conventional TTBCs. 
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摘  要：对比研究使用未热解粉末制备的厚热障涂层(UPTTBC)和传统 TBC、厚 TBC(TTBC)及密集垂直裂纹

(DVC)TTBC 4 种涂层的隔热能力和黏接强度。采用降温法测试涂层的隔热能力；根据 ASTM C633 标准，采用拉

拔试验检测涂层的黏接强度。结果显示，UPTTBC 和 DVC TTBC 的黏接强度分别比 TTBC 高 35%和 25%。这可

能是由于 UPTTBC 结构中存在亚微米尺度的未熔化区域，起到了阻止裂纹扩展的作用。此外，隔热测试的结果表

明，DVC TTBC 涂层的隔热能力最差，为 0.28 ℃/µm，而 UPTTBC 涂层的隔热能力最强，为 0.40 ℃/µm。由于

UPTTBCs 显微组织中存在亚微米区域，使涂层展现出优越的隔热能力。相反，DVC TTBC 因其致密的结构，具

有最低的隔热能力。 

关键词：厚热障涂层；密集垂直裂纹热障涂层；未热解粉末；黏接强度；隔热能力 
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