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ARTICLE INFO ABSTRACT

Keywords: To reveal the structure-property relationships of the microstructure and the thermal conductivities of the
Thermal barrier coating coatings, Er,O3 coatings were directly deposited on an aluminum alloy substrate without bond coating by chelate
Microstructure

flame spraying (CFS). The thermal insulation capability, thermal conductivity, microstructure, porosity, and
splats of each coating were studied as a function of thickness. The coating with a thickness of 300 pm exhibited a
high AT value that was 43.1% higher than that of the 100 pm-thick coating deposited with the same spray
conditions. The 100 pm-thick coating exhibited low thermal conductivity, which decreased from 4.56 Wm 'K !
to 2.57 Wm ~'K~! in the semistable phase (500 °C and 600 °C); this was mainly due to its special microstructure,
which contained more mesh splats and higher porosity (28.3%) than the 300 pm-thick coating. Moreover, the
effects of the microstructure on the thermal insulation capacities of the CFS coatings were determined. The
results showed that as-deposited thick coatings offered higher heat conduction in the studied temperature range
(from room temperature to 600 °C) than thin coatings. To conclude, this study also provides a new test method to
determine thermal conductivity and thermal insulation capacity.

Thermal conductivity
Chelate-thermal spray
Thermal insulation capability

1. Introduction conductivity [13]. However, high energy consumption and large-scale

installation requirements limit the further application of these

Thermal barrier coatings (TBCs) are widely used to protect heated
sections of aero- and land-based gas turbines from thermal, corrosion,
and erosion effects and significantly enhance the durability of compo-
nents or increase working temperatures to achieve better engine per-
formance and efficiency [1-6]. Typical TBCs are double-layer coatings
applied to protect components, and they consist of a metallic bond
coating and a ceramic topcoat [7,8]. The main function of the bond coat
is to protect the substrates from oxidation and corrosion during thermal
treatment [9]. Ceramic coatings have relatively low thermal conduc-
tivities that can reduce the need for cooling systems [10]. Generally,
ceramic surface coatings are deposited with plasma spraying techniques
[11,12]. Traditional plasma-sprayed ceramic coatings exhibit a lamellar
structure with large, connected gaps and high porosity, which is why
they enhance insulation performance and lower the thermal

methods [14]. Therefore, the development of a new flame-spraying
system for synthesizing TBCs providing good thermal insulation and
high-temperature stability is still of both scientific significance and
technological importance.

Recently, a new deposition technique wusing a metal-
ethylenediaminetetraacetic acid (EDTA) complex was reported [15,
16]. In this technique, metal-EDTA complex powders are introduced
using a flame-spraying method, so we call this method chelate flame
spraying (CFS). These complex powders decomposed and oxidized in the
flame and formed metal oxide particles, which were subsequently
deposited on the substrate. In this method, metal oxide coatings with
thicknesses of 9.7-13.5 pm and cross-sectional porosities of 1.6-33%
were deposited on stainless steel and aluminum alloy substrates [17,18].
The metal oxide films deposited on the metal substrate were formed
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from EDTA complexes added through a Ho—O5 flame. Furthermore, the
carrier gas type, powder feed ratio, and substrate temperature play
important roles in determining the microstructure, including the shapes
and sizes of pores and gap sizes between splats of the sprayed coatings.
Based on the abovementioned, the thermal conductivity of a porous
ceramic coating depends on the intrinsic thermal conductivity of the
material, which is based on its composition and structure, as well as on
the architecture of the porous network leading to enhanced thermal
insulation. In addition, it has been reported that deposited metal-oxide
coatings exhibit strong adhesion and good thermal shock performance
on aluminum alloys and stainless steel substrates [15,19]. A series of
studies was based on comparisons between coatings produced with
different spray conditions, such as substrate temperature, carrier gas
type and powder feed ratio; this allowed us to demonstrate that there
was a relationship between pore sizes and shapes and natural porosity
and thermophysical properties, but there is still a need to establish
quantitative correlations with microstructure thermal conductivity to
achieve optimal design [20].

In the present study, TBC coatings with different porosities and
thicknesses were synthesized on an aluminum alloy substrate by
appropriately manipulating the variables controlling CFS processes. The
microstructural features and thermal insulation capabilities of the
deposited coatings were investigated to provide a foundation for
improving TBC properties. In addition, thermal response (laser flash
method) tests were conducted on TBCs with various porosities, and
thermal conductivities were calculated.

2. Experimental
2.1. Chelate flame-spraying process

We first prepared EDTA-Er-H (Chubu Chelest Co., Ltd.) for deposition
of EryO3 thick coatings. Fig. 1 shows the experimental setup for depo-
sition of a TBC made from the EDTA-Er-H complex. The reacted particles
were then sprayed onto an aluminum alloy substrate (A5052, 50 x 50 x
10 mm®) that had been previously blasted by #60-grit alumina (99.7%
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purity, 212-250 Im particle size, Fuji Manufacturing, Fujioka, Japan),
resulting in the deposition of a metal oxide film with the thermal insu-
lation capability test. Moreover, the substrate surface was cleaned with
acetone twice and dried in air. A conventional flame-spray apparatus
consisting of a feed unit (5 MPE, Sulzer Metco, Westbury, NY) and spray
gun (6P-II, Sulzer Metco) was used for reactive spraying. This apparatus
is used commercially for the deposition of TBCs with Hy-O, flames. A
rotation apparatus capable of depositing 12 samples (dodecahedral
pattern) at a time was fabricated in-house. The rotation velocity of the
apparatus was kept at 90 rpm. As stated above, we employed different
carrier gases and standoff distances with the substrate to determine the
effects on the microstructures of coatings. Five different types of samples
were sprayed in this work, as shown in Table 1. One type of sample was
sprayed with Oy carrier gas, and it was designed to provide a coating
(sample (a)) with a thickness of 100 pm and a porosity of 10%. The
second (sample (b)) and third (sample (c)) samples were sprayed with
Ny carrier gas, and both sets of conditions were the same. One of the
coatings was designed to exhibit improved porosity, and liquid nitrogen
was used as a substrate coolant. These samples were prepared from
syntheses giving porosities of 20 and 30%. Finally, two other samples
(samples (d) and (e)) were sprayed with the same spray parameters as
samples (b) and (c), and only the thicknesses were varied.

2.2. Characteristics

Cross-sectional morphologies and microstructures of the coatings
were observed using field-emission scanning electron microscopy (FE-
SEM) (JSM-6700F, JEOL). At least 6 SEM images with magnifications of
200x and 400x were randomly acquired and used for each sample. The
coating thickness was the average thickness of 20 transverse sections
and was estimated by analyzing the whole SEM image with the com-
mercial software SmileView, and the porosity of the coating was eval-
uated based on analyses of 2D images via ImageJ software. The average
thicknesses and porosities of the coatings were estimated from over 5
images randomly selected from among the polished cross-sections.

Raw materials

Powder feeder

Al(Al-Mg)alloy:A5052 substrate
(50 x 50 X 10 m?)

se3 Jo111B)

Cooling air

Spray gun
Sulzer Metco:6P—11

Rotation
apparatus

Distance

Liquid nitrogen

H, : 325 L/min O, : 43.0 L/min

Fig. 1. Schematic of the deposition coating setup.
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Table 1
Spraying parameters.
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Sample  Materials Flow rates of powder (g/min)  Carrier gas types  Flow rates of carrier gas (SCFH)  Distance (mm)  Rolling velocity (rpm)  Liquid nitrogen
(a) EDTA - Er * 20 [} 10 100 90 None

(b) H 10 Nay 130 None

© 10 Ny 130 Yes

@ 10 Ny 130 None

(e) 10 N, 130 Yes

2.3. Thermal conductivity measurements

A schematic diagram of the thermal conductivity testing of coatings
is shown in Fig. 2(a). The parameters of the heating source were the
same as those previously described (Fig. 1) for a Hy-O» flame. The TBC
samples or substrate samples were fixed in the rotation apparatus, and
the rotational velocity was kept at 60 rpm. The surfaces of the TBC
samples or the substrate samples were heated by a Ho—O; flame, and the
back sides of the samples were placed in the rotation apparatus. Two K-
type thermocouples were used as sensors: one was located on the sample
surface to measure the surface temperature (coating surface tempera-
ture, Ty = Tys(substrate) = Ty(coating)), and the other was fixed on the
back side of the sample to collect these surface temperatures (Ty =
Tos(substrate) = Ty.(coating)). The K-type thermocouples were linked to
a wireless high-speed thermocouple temperature function logger
(SHTDL4-Hispeed) to record the heating temperature curves (T;, Ty) for

60 s in real time. For scientific purposes, the surface temperature was
recorded 100 times at 1 rpm (1 s) to construct the change curve. The
temperature data were analyzed and stored by a computer. In this study,
the two temperature stages were analyzed as rising curves, and the
stable curves and temperatures for drops across the sample and substrate
(T1-To = ATs, AT,) and across the TBCs (AT - AT.) were calculated. In
addition, the thermal conductivities of coatings were measured by the
AC calorimetric method [21]. Fig. 2(b) shows a schematic diagram for
the measurement principles of the AC calorimetric method with stages I
and IL. The phase difference (@) is calculated by the time lag (Q) and one
cycle (P). In a simplified approach, when the coating thickness is greater
than 10 pm, the thermal diffusivity () can be calculated using Eqgs. (1)
and (2) [22]:

Q—\/Ex
Aas

@

| (K) Thermal-couple(T,)

| High-speed thermocouple

(a)

| (K) Thermal-couple(T))

temperature logger

—

- TBCs
Heating source

(SHTDLA4-Hispeed)

Cooling air

:

R

Rotation
apparatus

Rotational velocity:60 rpm

—>
Distance: 130 mm

Sampling interval : 10 ms

Recording point: 10000

H, : 32.5 L/min O, : 43.0 L/min
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(K) Therr?ocouple (T
© S Sample
=
e
Y¥  (K) Thermocouple (T,) I
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One cycle : P

I
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I
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Fig. 2. Schematic diagram: (a) thermal conductivity testing of coatings and (b) phase difference (¢) calculation method for samples.
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where 0 is the phase difference in each curve (T; and Ty), d is the
thickness of the coating, f is the frequency of the thermal cycle, o5 and x
are the thermal diffusivity and thickness of the substrate, respectively,
and oy is the thermal diffusivity of the coating. Eq. (1) states that the
phase difference (®) may be determined from the substrate thickness (x)
and frequency (f), which are obtained during thermal cycling, and then,
the substrate thermal diffusivity (o) is obtained from the gradient of the
relationship between the phase difference (0) and the substrate thickness
(x). In addition, the phase difference (0) at the coating thickness (d) is
measured by changing the frequency (f). Therefore, the substrate ther-
mal diffusivity (o) is obtained from the gradient of the relationship
between the phase difference (0) and frequency (1/f) in Eq. (2). Hence,
the thermal conductivity (k) can be described by using Eq. (3) [23]:

k=axpxC 3

where o is the thermal diffusivity, p is the density of the material, and c is
the specific heat capacity of the coating or substrate. Based on the
abovementioned, the thermal conductivity (k) is calculated with Eq. (1)
from the thermal diffusivity (a), density (p), and specific heat capacity
(C) in a real test.

3. Results and discussion
3.1. Microstructures of coatings

The thermal insulation capacity depends not only on the factors
themselves but also on the microstructure, especially the porosity,
interfacial gap and semimolten particles.

Fig. 3 shows the cross-sectional morphologies of the three coating
types with different porosities (Fig. 3(a)-(b)). The coating sample (a)
was uniform and dense, with the exception of a few pores within the top
layer (Fig. 3(A)). The coating sample (b) exhibited a typical porous
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structure with special mesh splats. The splats had a special microstruc-
ture that differed from that of unmelted splats, which we call a honey-
comb microstructure. Both coatings exhibited many pores and mesh
splat inclusions, which were obviously more prevalent in the coating
sample (c) sprayed with coolant (liquid nitrogen) (Fig. 3(B) and (C)).
Table 2 shows the thicknesses and cross-sectional porosities of the EroO3
coatings (100 and 300 pm). The porosities were determined by
analyzing SEM images of the coatings. First, the thicknesses of the three
coatings reached the expected target of approximately 100 pm (106,
108, and 108 pm). Moreover, the EryO3 coating obtained by using Oz as
the carrier gas had a cross-sectional porosity of 7.7%. In the case of using
N as the carrier gas, sample (b) and sample (c) were sprayed under the
same conditions, except only one was sprayed using the coolant; the
resulting porosities were 15.6% and 28.3%, respectively. In a previous
study, it was reported that changes in the temperatures and velocities of
carriers for in-flight particles were useful for determining the impact
behavior, and they also affected the morphology and porosity of the
sprayed coating. Furthermore, to compare the microstructural and
thermal insulation properties, the number of sprays was increased to
obtain a coating thickness of 300 pm (calculated thicknesses were 334
pm sample (d) and 312 pm for sample (e)). Fig. 4 shows that the mi-
crostructures of samples made with and without coolant were signifi-
cantly different (Fig. 4(d) and (e)). From Table 2, the porosities were
close to each other because they were sprayed with the same spray pa-
rameters; thus, these spray conditions significantly controlled pore for-
mation in the coatings, and thickness had no effect on the pores. In
addition, an interesting phenomenon was observed: some of the inside
splats formed mesh microstructures in all samples. However, in the case
of splats sprayed with liquid nitrogen, the splats with mesh micro-
structures caused the number of formations to increase, and the sizes of
the internal voids increased. Therefore, it is reasonable to assume that
using the coolant to lower the substrate temperature controlled the
number of pores in the coating and increased the sizes of the voids inside
the splats.

Moreover, the layer connected to the substrate was denser than the
top layer in all of the coatings. In this study, a chelate complex was

F p T AT
CUARy ‘ 'i ) Al B

Wi Al

Fig. 3. SEM cross-sectional images of an Er,O3 coating with a thickness of approximately 100 pm: (a)/(A) and (b)/(B) sprayed with no coolant and (c)/(C) sprayed
with liquid nitrogen. (The red dotted line areas are the higher magnification images). (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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Table 2
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Results of the thicknesses and cross-sectional porosities of Er,O3 coatings synthesized on an aluminum alloy
(A5052) substrate. The sample in the blue area was deposited with liquid nitrogen.

Thickness Cross-sectional
Sample Coating materials
(pum) Porosity (%)
(a) 106 7.7
(b) 108 15.6
(c) Er,0, 108 28.3
(d) 334 16.9
(e) 312 25.5

Resin

Substrate

100pum

= 10pm

Fig. 4. SEM cross-sectional images of an Er,O3 coating with a thickness of approximately 300 pm: (d)/(D) sprayed with no coolant and (e)/(E) sprayed with liquid
nitrogen. (The red dotted line areas are the higher magnification images). (For interpretation of the references to colour in this figure legend, the reader is referred to

the Web version of this article.)

sprayed using a thermal spray technique; the jet was a flame formed by
combustion of Hy with O, and the injected feedstock was EDTA-Er-H
powder. The EDTA-Er-H particles decomposed during flight, were
oxidized and melted in the flame, spread into disk-shaped or splash-
shaped impacts on the substrate surface, transferred heat to the under-
lying substrate and solidified rapidly. The coating was thus built up by
agglomeration of solidified ErpO3 splats. During this process, the
aluminum alloy substrate received heat from the solidifying splats, and
it was also heated by the tail end of the flame since hot gas jets escaped

from the impact area by flowing sideways over the substrate [24,25].
These two sources of heat significantly increased the temperature of the
substrate and thus may have affected the porosities of splat layers
located close to the temperature-sensitive aluminum alloy substrate
[26]. This is expected to provide favorable thermal insulation
performance.
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3.2. Thermal conductivity

The fundamental function of a TBC is to provide insulation and
prevent thermal flow into the substrate material. Therefore, thermal
insulation capability is considered one of the most important factors for
evaluating the performance of TBCs. In this investigation, the thermal
insulation capabilities of TBCs were evaluated by temperature drops
across TBCs (AT = T;-To). In addition, with the heating temperature
curve, Egs. (1)-(3) were used to calculate thermal conductivities with
various thicknesses and porosities of coatings (samples (a)-(e)). To
calculate the phase differences (0) of samples in this study, all-
temperature values in the figure below were chosen as the lowest in-
flection points of the curve peaks, and ten values around each reference
temperature (RT) point, such as the rise phase (RT = 300 °C) and
semisteady phase (RT = 400 °C) of the substrate, were selected, as
shown in Fig. 5 (s), (s1).

Figs. 6 and 7 illustrate the heating temperature curves (warming
trend) recorded for the substrate sample surface (T;s), the TBC sample
surface (T.), the substrate sample back side (Tys), and the TBC sample
back side (T9.) at temperatures ranging from 300 to 400 °C. Figs. 6 and 7
show that T; and T increased with increasing spray flame time. The
surface temperature of the TBC rose faster than that of the substrate. In
addition, the surface temperature of the substrate tended to be stable at
the reference temperature of 400 °C. Furthermore, Table 3 shows the
temperature for the back side of each sample when the temperatures of
the TBC and substrate were raised to 300 and 400°. In this case, the AT,
values of each sample were 182 °C, 195 °C, and 221 °C, as the substrate
surface temperature tended to be stable at approximately 400 °C. This
means that the TBCs contributed to a decrease in the temperature of the

500

400

300
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metal substrate. Moreover, the temperature drops across TBCs increased
in coatings with different porosities as the spray flame time and tem-
perature were increased. In addition, the surface temperature of the TBC
with a given spray flame time tended to stabilize at approximately
500 °C, the temperature selection point, as shown in Fig. 8. These results
showed that the side temperature curves for all TBCs became stable, and
as the porosity increased, the difference between the curves for both
sides increased significantly, especially with a porosity of 28.3% (Fig. 8
(c2)). In addition, Figs. 6 and 8 show an interesting phenomenon in
which the TBC temperatures were higher than the temperature of the
substrate because the pores and voids formed in the coatings, especially
those of the top layers, spread. This can be explained by thermal radi-
ation across the pores, voids and mesh splats, which became slower as
the coating was heated; this resulted in a reduction in the surface heat
transfer rate, thereby increasing the surface temperature. Furthermore,
the thermal conductivities of EryOs coatings with various porosities
were calculated with the previously described equation. The density (p)
was measured according to the Archimedes principle. The phase dif-
ference (0) was measured from temperature curves with the AC calori-
metric method. The deviation in thermal conductivity was estimated to
be + 0.6% due to deviations in p, &, and C, and the results are listed in
Table 4. From these results, the thermal conductivities at 500 °C varied
between 1.56 Wm 'K ! and 0.90 Wm K}, depending on the porosity.

Heating temperature curves for the increasing phase (sample (d) and
sample (e)) and the stable phase (sample (d;) and sample (e;)) are
shown in Fig. 9, and the thickness of the coating was increased to 300 pm
(real thickness, as shown in Table 2). In the rising phase, T; and T
increased with increasing spray flame time. In addition, the rising ratio
of T, was much lower than that of T, and a flat curve resulted with

500

400

300

-
-

i
500 ; - 7 .
\ // | P
\\ 7 | RS F//
\ // ! 1
\ Fd ! i
400 \ 4 | !
) (TSGR ¥ ’ 1
1 : ! :
1 \ ! 1
! ) 1 .
.y 1 | 1 .
0 s : i :
= 1
£ : : '
g : |
g 200 r -
]
g 1 \ Surface temperature(T,)
[2 : Backside temperature(T,,)
1
100 7 Lo ; tommmmo
(I) Rise phase (IT) Semisteady phase
0 1 1 1 1 1 1
650 1650 2650 3650 4650 5650 6650

Time(x 10 ms)

Fig. 5. Heating temperature curves of substrates (Tys, Tas): (s) reference temperature of 300 °C (rise phase) and (s;) reference temperature of 400 °C (semi-

steady phase.
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Fig. 6. Heating temperature curves for the substrate and the Er,O3 coating with a thickness of 100 pm: (s) substrate, (a) porosity of 7%, (b) porosity of 16%, and (c)

porosity of 28% at a reference temperature of 300 °C.
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Fig. 7. Heating temperature curves for the Er,O3 coating with a thickness of 100 um at a reference temperature of 400 °C: (s;) substrate, (a;) porosity of 7%, (b;)

porosity of 16%, and (c;) porosity of 28%.).

increasing back-side temperature. This indicates that the thermal insu-
lation capability depended on the microstructure and was especially
related to porosity and splat gaps or voids formed; thus, Fig. 4 describes
the microstructure as described, and the orientations of newly formed
hollow splats (splats are hollow, and the splat wall is significant) were
sloped in the direction of heat flux, which enhanced the thermal insu-
lation capability and decreased the thermal conductivity. On the other
hand, this is responsible for the easy flow of heat onto the surface
through the pores of the coating, and the top layer is a thermal storage

layer that proved to be more effective for heat blocking. Table 5 shows
the rising phase for a sample with back-side temperatures at reference
temperatures of 400 °C and 500 °C (only sample (e)). Sample (d) has a
ATgq of 244 °C at the reference temperature of 400 °C, and sample (e) has
AT, values of 260 °C and 347 °C at the reference temperatures of 400 °C
and 500 °C, respectively. Furthermore, in the stable phase, the tem-
perature curves for both sides tended to be flat at 500 °C and 600 °C, as
shown in Fig. 9(d;) and (e;). Moreover, the thermal conductivities were
calculated to be 4.56 Wm 'K ! and 2.57 Wm 'K}, and details are
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Table 3
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Temperatures of the surface (T;) and backside (T5) at reference temperatures of 300 and 400 °C in the rise phase.

Sample Reference temperature of 300 °C Reference temperature of 400 °C
Time ( x 10 ms) Surface temperature (T;/ Backside temperature (To/ Time ( x 10 ms) Surface temperature (T;/ Backside temperature (Ty/
°C) °C) °C) °C)
Substrate 1159 300.9 182.5 4957 400.0 258.1
(a) 746 300.3 170.7 1459 400.4 217.5
(b) 532 301.0 172.3 1043 401.7 206.6
() 639 300.8 154.2 1052 400.0 178.2
(aZ (b?) (CZ)
. 600 f 600 [ & o 600
P R — -—a—u—= 0l sesse ——u—a g_ 300 - e
el e q)
2 400 | £ 400 | 5 400
5 3 2
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Fig. 8. Heating temperature curves for an Er,O3 coating with a thickness of 100 pm at a reference temperature of 500 °C: (ag) porosity of 7%, (bs) porosity of 16%
and (cp) porosity of 28%.

Table 4 . temperature drops for samples (d) and (e). Sample (d) has a higher
Results for each sample in the stable phase (500 °C). e
surface temperature curve than sample (e); however, they have similar
Sample  Time (  Surface Backside AT Thermal backside temperature curves at approximately 150 °C. The differences in
x 10 temperature temperature C0  conductivity thermal conductivity values depended on the spraying conditions,
ms) (T1/°0) (T2/°C) (W/(mK)) . . .
which controlled the porosities of the coatings.
@ 5571 500.5 2915 209 1.56 The thermal insulation capability was determined as a function of
(b 4225 500.1 281.7 218 1.25 ity and thick P h splats and holl lats i h coati
© 3308 500.1 235.5 264 0.90 porosity and thickness for mesh splats and hollow splats in each coating.
Two groups of coatings with thicknesses of 100 pm and 300 pm were
found to show different behaviors (in Figs. 8 and 9(d;), (e1)). First, the
AT value depended on the coating thickness and porosity or
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shown in Table 6. In addition, Fig. 10 shows the different reference

Fig. 9. Heating temperature curves for Er,O3 with a coating thickness of 300 pm: (d) porosity of 17% and (e) porosity of 26% at reference temperatures of 400-500
°Cand (d;) porosity of 17% and (e;) porosity of 26% at reference temperatures of 500-600 °C.
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Table 5

Ceramics International xxx (XXxX) XXX

Temperatures of the surface (T;) and backside (T5) at reference temperatures of 400 and 500 °C in the rise phase.

Sample  Reference temperature of 400 °C Reference temperature of 500 °C
Time ( x 10 ms) Surface temperature (T;/°C) Backside temperature (T5/°C)  Time ( x 10 ms) Surface temperature (T;/°C) Backside temperature (To/°C)
@ 858 404.1 159.6 - - -
(e) 539 400.3 139.5 845 502.0 154.6
Table 6 could greatly reduce the weights of the hot components used.
able
Results for each sample in the stable phase (500 °C, 600 °C). .
4. Conclusions
Sample  Time ( Surface Backside AT Thermal
;Sl)o ?frm/rzecr)ature E?Fm/pozr)ature Q) E\(/)Vl:l/(il;lclt(l)‘;lty Er,03 coatings with different thicknesses were synthesized by using a
1 2 . . .
metal-EDTA complex with a flame-spraying system. By varying the
Ed)) 1?22 28(1)'(1) 132‘2 ii; ;:? spray conditions, the cross-sectional porosity of the deposited TBC could
€ . X .
be varied from 7.7% to 28.3% and 16.9%-25.5% for thicknesses of 100
pm and 300 pm, respectively. In addition, Er,O3 exhibited good thermal
- insulation properties. The 300 pm coating exhibited a AT value that was
Surface temperature: 43.1% of that of the 100 pm coating made with the same spray condi-
& = A Sampled tions. In addition, the 100 pm coating exhibited low thermal conduc-
[ -— - P . — — . .
-1 200 //‘ B Samplee tivities, which ranged from 4.56 Wm™'K~! with a porosity of 16.9% to
g 400 = 2.57 Wm 'K~ with a porosity of 25.5% in the stable phase (500 °C and
= ° . . .
g 300 Backside temperature: 600 C): Thls study also p'rov1de§ a new II.IE%thOd for testing thermal
g 200 ~ XS led conductivity and thermal insulation capability. Therefore, expanded
B i & S and deepened further studies of TBCs deposited on lightweight metals
g ® Sample e are expected.
0 500 1000 1500 2000
Time(x 10 ms) Declaration of competing interest

Fig. 10. Reference temperature curves at 400 °C, 500 °C and 600 °C.

microstructure. AT values increased with increasing coating thickness
from 100 pm to 300 pm. The use of N3 as the carrier gas and coolant for
spray coating resulted in higher AT values than conventional coatings
(e.g., Oy as the carrier gas). For 300 pm coatings, the AT value in the
stable phase for the EryO3 coating was 43.1% of that for the 100 pm
coating prepared with the same spray conditions (samples (b) and (d)).
This means that thickness affected the thermal insulation measured in
this study. Tables 4 and 6 show that the thermal conductivity values for
300 pm coatings were larger than those for 100 pm coatings in all
samples. Generally, the factors affecting coating thermal conductivity
were the spray conditions, such as the type of coating and spraying, the
raw material size and the heat flow direction, and the coating micro-
structure, such as pore characteristics and the moisture ratio. Based on
the abovementioned, two groups comprising samples (b) and (c) and
samples (d) and (e) were sprayed under the same conditions; hence, the
coating microstructures affected the thermal conductivity values. Two
effects that would explain this phenomenon could have occurred during
the thermal insulation test. First, the spray flame with Ho—O; resulted in
moisture generated during spraying; when there is moisture (including
water vapor) in the pores of the coating, the diffusion of steam into pores
or gaps and the movement of water molecules play major roles in heat
transfer, which is responsible for a significant increase in effective
thermal conductivity. The other effect to consider arises with thick
coatings with more pores or gaps; the deposition process involving the
chemical reaction of EDTA-Er-H can be represented by Eq. (4) as follows:

2 EDTA-Er-H + 24 Oy — EryO3 + 20 CO, 1 + 13H20 1 + 4 NO»t 4

Hence, the water vapor generated during deposition of layers or
splats might enter the pores formed in or between layers, which would
further increase the thermal conductivity. In other words, a new thermal
insulation capability and thermal conductivity test was identified in this
study. TBCs with thicknesses of 108-334 pm were successfully synthe-
sized by depositing them on an aluminum alloy substrate, and good
thermal insulation capacity was obtained without bond coating. This
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