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Figure 4-14 Results of Er,Oz splats deposited on A5052 substrates with different
rolling velocity. (a) Splats circularity, (b) Disk-like ratio, (c) Splats particle

size.

Chapter 5 Heat-shock properties in Y:0; films synthesized on
stainless-steel substrate

Figure 5-1 Thermal-shock test for films deposited from EDTA-Y-H complex on SUS
substrate. (a) Schematic diagram of the experiment. (b) Photograph of

the experiment.
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Figure 5-2 Photographs of films deposited using H—O: flame with EDTA-Y-H

complex. (a) As-synthesized, (b) after 100 scans, (c) after 300 scans, and

(d) after 500 scans.

Figure 5-3 XRD profiles at 26 = 20=70° for films synthesized from EDTA-Y-H on
SUS304 substrates using flame-spray apparatus.

Figure 5-4 Surface SEM images of films synthesized on SUS304 substrates using the
flame- spraying apparatus. (a) As-synthesized, (b) after heat-shock test (100
scans), (c) after heat-shock test (300 scans), (d) after heat- shock test (500
scans).

Figure 5-5 Cross-sectional SEM images of films synthesized on SUS304 substrates
using flame- spraying apparatus. (a) As-synthesized, (b) after heat-shock
test (100 scans), (c) after heat-shock test (300 scans), (d) after heat- shock
test (500 scans).

Figure 5-6 Cross-sectional elemental EDX images of films synthesized on SUS304
substrates using flame-spraying apparatus. (a) As-synthesized, (b) after
heat- shock test (100 scans), (c) after heat-shock test (300 scans), (d) after
heat-shock test (500 scans).

Table 5-1 Values of estimated film thickness and cross-sectional porosity of films

synthesized on SUS304 substrates.

Figure 5-7 Cross-sectional BSE (COMPO) images of films synthesized on SUS304
substrates using flame-spraying apparatus. (a) As-synthesized, (b) after
heat- shock test (100 scans), (c) after heat-shock test (300 scans), (d) after
heat-shock test (500 scans).

Figure 5-8 Examples of cracks in the deposited film. (a) Vertical segmentation crack,
(b) horizontal crack. The COMPO image of the as-synthesized sample was
used.

Table 5-2 Values of estimated crack numbers, sizes, and squares per unit area in films

synthesized on SUS substrates.
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Chapter 6 Heat resistance and adhesion properties of Y203 films on

aluminum alloy substrate

Figure 6-1 Schematic of the experiment for films deposited from EDTA<Y<H

complexes on an A5052 substrate.
Figure 6-2 Hematic for the cyclic thermal test for films deposited from EDTA - Y - H

complexes on an A5052 substrate.

Figure 6-3 Photographs of films deposited using a H>-O> flame with EDTAY*H
complexes. (A) before deposition; (B) as-synthesized, (C) after annealing
at 400°C°C for 1 h, (D) after annealing at 500°C for 1 h, (E) after annealing
at 600°C for 1 h.

Figure 6-4 XRD profiles for 20 values of 10-90°for the films synthesized on the A5052

substrate compared with ICDD cards for Y4AlbO9 and MgO crystals, (A)
after annealing at 600°C for 1 h, (B)after annealing at 500°C for 1 h, (C)
after annealing at 400°C forl h, (D) as synthesized.

Figure 6-5 XRD profiles for 20 values of 10-90° for the films synthesized on the A5052

substrate compared with ICDD cards for Y4A1>Oo, Y3Al5012, YAIO3 crystals,
(A) after annealing at 600°C forl h, (B) after annealing at 500°C for 1 h.

Figure 6-6 Cross-sectional SEM images of the films synthesized on the A5052
substrates, (A) as-synthesized, (B) after annealing at 400°Cfor 1 h, (C) after
annealing at 500°C for 1 h, (D) after annealing at 600°C for 1 h.

Table 6-1 Thickness and cross-sectional porosities of the deposited film.

Figure 6-7 Cross-sectional EDX images of the films synthesized on the A5052
substrates, (A) as-synthesized, (B) after annealing at 400°Cfor 1 h, (C) after
annealing at 500°C for 1 h, (D) after annealing at 600°C for 1 h.

Figure 6-8 Cross-sectional EDX line profiles of the films synthesized on the A5052
substrates, (A) as-synthesized, (B)after annealing at 400°C for 1 h, (C) after
annealing at 500°C for 1 h, (D) after annealing at 600°C for 1 h.

Figure 6-9 Scratch test results of the films synthesized on the A5052 substrates, (A) as-

synthesized, (B) after annealing at 400°C for 1 h, (C) after annealing at
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500°C for 1 h, (D) after annealing at 600°C 1h.
Table 6-2 Estimated breaking and delamination points for deposited films.

Figure 6-10 The surface roughness of the A5052 substrates with various blast pressures

Figure 6-11 Temperature profiles of the films during the cyclic thermal shock tests.

Figure 6-12 XRD profiles for 2h values of 10-90° for the films synthesized on the
blasted A5052 substrates at various blast pressures compared with ICDD
cards for Y,O3 crystals.

Figure 6-13 Cross-sectional SEM images of the films synthesized on the A5052
substrates at various blast pressures, (A, D) 0.2 MPa, (B, E) 0.6 MPa, and
(©), (F) 0.8 MPa. (A-C) were taken before the thermal shock test, and (D-
F) were taken after the test

Figure 6-14 Cross-sectional EDX images of the films synthesized on the A5052
substrates at various blast pressures, (A, D) 0.2 MPa, (B, E)0.6 MPa, and
(©), (F) 0.8 MPa. (A-C) were taken before the thermal shock test, and (D-
F) were taken after the test.

Table 6-3 Values of estimated film thicknesses, cross-sectional porosities, estimated
crack numbers, and number of cracks per unit area of films synthesized on

the A5052 substrates.

Chapter 7 Thermal insulation capability of Y203 and Er.0; coatings

on aluminum alloy substrate

Figure 7-1 Schematic of the films deposited setup for Er2O3 and Y203 films.
Table 7-1 Flame spraying parameters for Er.O3 film deposition.

Table 7-2 Flame spraying parameters for Y203 film deposition.

Figure 7-2 Schematic diagram of thermal insulation capability test

Figure 7-3 XRD patterns: (a)-(e) Er.O3 coatings of various conditions.

Figure 7-4 XRD patterns: (f)-(j) Y203 coatings of various conditions.

Table 7-3 Maximum substrate temperature at 30 scans per each revolution speed.

Figure 7-5 Surface SEM images: (a)-(e) Er.O3 coatings of various conditions.
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Figure 7-6 Surface SEM images: ()-(j) Y203 coatings of various conditions.

Figure 7-7 Cross-sectional SEM and enlarged images: (a)-(e) Er2O3 coatings of various
conditions.

Table 7-4 Results of estimated film thickness, cross-sectional porosities of Er2O; films
synthesized on the aluminum alloy(A5052) substrate. Coating with liquid
nitrogen in content of the blue area (the same as below).

Figure 7-8 Cross-sectional SEM and enlarged images: (f)-(j) Er.O3 coatings of various
conditions.

Table 7-5 Results of estimated film thickness, cross-sectional porosities, of Y203 films
synthesized on aluminum alloy(A5052) substrate.

Figure 7-9 Heating temperature curves(To), substrate without films (T1), TBCs sample
backside(T>2), and coating with liquid nitrogen sample backside(T3). (a)
and (b) Er203 coatings, (c) and (d) Y203 coatings

Table 7-6 Results of temperature of test(AT) and thermal insulation temperature(ATr)
of Er,Os films synthesized on the aluminum alloy(A5052) substrate.

Table 7-7 Results of temperature of test(AT) and thermal insulation temperature(ATr)
of Y>0s3 films synthesized on the aluminum alloy(A5052) substrate.

Figure 7-10 Evolution of thermal insulation per micron with total porosity for Er20;

and Y03 coatings

Table 7-8 Results of thermal insulation capability with APS and CFS.

Chapter 8 A new method development for thermal analysis of metal-

oxide coating

Figure 8-1 Schematic of the films deposited setup for splat morphologies and porous
film.

Table 8-1 Flame spraying parameters.

Figure 8-2 (a) Schematic diagram of thermal insulation capability test, and (b)
schematic diagram of the principle of measurement by the AC calorimetric

method.
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Figure 8-3 SEM cross-section images of Er,Os; coating with the thickness of
approximately 100 pm: (a) and (b) sprayed with no coolant, (c) sprayed
with liquid nitrogen.

Table 8-2 Results of estimated film thickness, cross-sectional porosities of Er;Os3
coatings synthesized on the aluminum alloy(A5052) substrate. Coating
with liquid nitrogen in content of the blue area.

Figure 8-4 SEM cross-section images of ErOs; coating with the thickness of
approximately 300 um: (d) sprayed with no coolant, (e) sprayed with
liquid nitrogen.

Table 8-3 Results of estimated film thickness, cross-sectional porosities of Er,Os3

coatings synthesized on the aluminum alloy(A5052) substrate. Coating

with liquid nitrogen in content of the blue area.

Figure 8-5 Heating temperature curves of surface temperature with substrate(T1s) and
TBCs sample (Tyic), substrate sample backside(T2s) and TBCs sample
backside(Tzc) (the same as below).

(a) substrate, (b) porosity of 7 %, (c) porosity of 16 %, (d) porosity of 28 %
Er.O3 coating at temperature of 300°C.

Figure 8-6 Heating temperature curves.

(@) substrate, (b) porosity of 7 %, (c) porosity of 16 %, (d) porosity of 28 %

Er.O3 coating at temperature of 400°C.

Table 8-4 The temperature values of the surface(T1) and backside (T>) at reference
temperature of 300 and 400°C.

Figure 8-7 Heating temperature curves.

(a) substrate, (b) porosity of 7 %, (c) porosity of 16 %, (d) porosity of 28 %
Er,Os coating at temperature of 500°C

Table 8-5 The results of the each sample at the stable phase.
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Figure 8-8 Heating temperature curves.
(d) porosity of 16 %, (e) porosity of 25 % 300 pm thick Er.Os coating at
temperature of 400 - 500°C,
and (d1) porosity of 16 %, (e1) porosity of 28 % 300 pm thick Er.Oz coating

at temperature of 500 - 600°C.)

Table 8-6 The temperature values of the surface(T1) and backside (T>) at reference
temperature of 400 and 500°C at the rising phase.

Table 8-7 The results of each sample at the stable phase.
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Chapter 1

General Introduction

1.1 Overview

The thermal spraying method is a method of melting or semi-melting a metal or
oxide as raw material and spraying the molten metal or metal oxide film on the
surface of the material [1]. A coating applied by this method is called a thermal spray
coating. The “thermal” of thermal spraying means melting the raw material, and the
“spraying”(projection, spraying) corresponds to spraying the raw material. For
example, in order to melt metal(wire) or ceramic(powder) as the thermal spray raw
material, the heat source is performed by combustion of high temperature
combustible of high-temperature combustible gas or electric discharge et al., and the
melted particles are accelerated by the carrier gas and impact with the substrate, and
the moment it solidifies to form the film(thickness of ~20 pum) or coatings(thickness
of 100” um), the process as shown in Fig.1-1. It is applied mainly for the purpose of
improving the corrosion, abrasion resistance, heat resistance, or thermal barrier of the
substrate.

Electric discharge

/_\/ Film or Coating
% \

Metal (e.g. wire)
In-flight particle

Heat ® o 9P

Substrate

Combustion

Figure 1-1 The process of thermal spray.
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The number kind of thermal spraying methods has been developed greatly in the past
years for the application of protecting the materials. Among them, the typical spraying
methods include plasma spraying(PS), high-velocity oxygen fuel(HVOF), and flame
spray(FS), et al. [2-4]. In general, the characteristics of these technologies are
determined by the flame temperature and the velocity of inflight particles. Hence, the
use of different techniques for depositing similar coatings may lead to various results
in quality and cost terms. For example, some specific functional coatings such as
thermal barrier coatings and oxidation resistant coatings, are more easily achieved using
APS and HVOF technologies. Which can be attributed to the following factors: particle
the high-temperature(PS:10000-15000 K) and high-velocity(550-800 m/s) of the
inflight particles for completely melting the raw-materials and flattening the splats to
synthesis the dense or porous structure which can enhance the performance(thermal
insulation, oxidation, et al.) of the coating. However, other techniques, such as flame
spraying(FS), are still recommended given their lower cost and high deposition rate.
Therefore, it is a key with the choice of raw materials that are more easily melted at low
temperatures to obtain similar or better performance of the coating. Hence, the
precursor of ethylenediaminetetraacetic acid(EDTA) is suggested in this method as the
metal-EDTA complex.

In this study, EDTA is the most famous chelating agent. As the characteristic, EDTA
has achromic crystal powder, and a molecular weight of 292.25 and a decomposition
point of 240 °C. It was reported that the Y203:(Eu, B) phosphor powder was obtained
by the thermal decomposition method of Y-EDTA, Eu-EDTA at firing conditions. From
this study, it can be used the morphological and compositional design for metal oxide
using metal-EDTA complex route[5-7]. In addition, it is possible to obtain thin film
with complicated metallic composition by thermal decomposition of metal-EDTA
complexe powders formed by the method. In the follow-up study, the Yttrium(Y>") ions
were selected to form the metal-EDTA complexes, and the metal oxide films were
deposited on stainless steel(SUS) substrate with an H>-O> combustion flame. I called

this spray method as the chelate flame spray(CFS). The deposition process of metal
2



oxide film involves two mechanisms, namely chemical reaction and physical collision.
It begins with a chemical reaction in which the precursor material such as the metal-
EDTA complex is decomposed and oxidized to form metal oxide particles. Finally, the
physical collision of the molten metal oxide particles impact to the substrate with
subsequent cooling and solidification processes and form metal oxide films. Hence, this
process exhibits some advantages over plasma spray(PS) and HVOF even for high
melting ceramic materials such as Y203 that melts at approximately 2430 °C[8]. In
addition, there are two interesting findings as follows: (1) The Y203 film synthesized
using the rotation apparatus with cooling agents(such as compressed air, liquid nitrogen,
and atomized purified water) exhibited porosity range of 22.8 % - 36.4%. (2) the Y203
cubic crystalline phase were confirmed in all films, synthesized with EDTA-Y-H. Thus,
it means that the metal oxide films synthesized in this method exhibit the potential for
stronger thermal insulation properties, due to the low thermal conductivity of 12.5
W/(m-K)(293 K) [8], high porosity, and stable crystalline structure[9]. From the above
described, the chelate flame method considered to synthesize ceramic coating at a low
cost and rapidly. It also can be expected that with thermal insulation capability, and so-
called the thermal barrier coating(TBC) for applications in the hot-section metallic
components of gas turbines or aero engines, such as burners, turbine blades, vans, and

et al. [10,11].

1.2 Literature survey

1.2.1 Types of thermal spraying method

The thermal spraying technology developed by M.U.Schoop of Switzerland in 1909
has become an important basic technology in various industrial fields as a film
deposition process. The basic theory of thermal spraying method is “a kind of surface
modification technology in which the material particles are heated in molten or semi-
molten using the combustion or electric energy, and are sprayed onto the substrate
surface to synthesis the film.” Thermal spraying techniques have numerous advantages,

including a high deposition rate and the ability to deposit coatings on large areas on an
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industrial scale. Fig. 1-2 shows the relationship between the in-flight particles velocity
and the flame temperature in various thermal spraying methods. Flame spraying(FS),
wire flame spraying, arc spraying(AS), and plasma spraying(PS) are
“temperature(melting)” oriented types that melt well and spray at low speed. On the
other hand, explosive spraying with high-velocity oxy-fuel(HVOF) is “speed(spraying)”
oriented types that spray semi-molten particles at high speed. In addition, the methods
of AS and PS have a higher flame temperature and completely melt the raw material
above the melting point of the raw materials. Thus, a certain level of energy is required
to adhesion and deposition splats, but the characteristic of various thermal spraying
methods are how the energy is balanced between the temperature(thermal energy) and
velocity(Kinetic energy) of the flying particles. However, compared with other spraying
methods, among of the flame spraying is not only low in flame temperature but also

slow in particle velocity[12].

t This work
Flame spraying(FS)
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Figure 1-2 The classification of thermal spraying methods.

In addition, it is a process in which a protective coating is applied on a substrate by
spraying on it, small size (from 10 to 100 pm) and high-velocity (above 100 m s')
molten particles of metals, alloys or ceramics which merge and solidify after impact

producing to be dense and thin layers or lamellae, called splats, that conform and adhere
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to the substrate surface[12, 13]. The deposition process of thermal spray, as shown in
Fig. 1-3. The formation of the coating in the thermal spraying process is characterized
by the subsequent impingement of a large number of more or less molten particles that
are deposited on top of each other, and the layering of the individual splats determines
the microstructure(such as deposited semi-molten splat, and formed the mechanical
interlocking part) and eventually the properties of the coating[14, 15]. From the
deposition process, thermal spray coatings are used to provide various properties to
protect mechanical parts from corrosion, erosion, and heat[16-18]. It is well known that
coating defects such as porosity, microcracks, and un-melted particles are correlated
with adhesion strength, the shape of these splats, and how they bond together to the
substrate. From the above, it can be said that the choose spraying method is a key to

synthesis the coating with excellent properties.

Oxide-film Mechanical In-flight melting

Serii- moltensplat interlocking part particle

Oxide film

Pore(or gap) -

Substrate -

Substrate interface |

Impacting :
particle In-flight
particle size

Figure 1-3 The deposition process of thermal spray.

1.2.2 Traditional raw materials of thermal spraying

Above the spray method tell us that use of different techniques for depositing similar
coatings may lead to various results in quality and cost terms. Thermal spray coatings
are frequently used as oxidation-resistant materials and thermal insulation coatings.
From the above application of coatings, the raw materials(or powder) are selected with

mainly divided into following two categories: (1) metal (MCrAlY alloys(where M:
5



metal stands for Co, Ni, or for both)) and (2) ceramic (yttria stabilized partially with

zirconia(YSZ)), respectively[19].

1.2.2.1 Sprayed coating with metal raw materials

The quality of coating produced by thermal spraying techniques depends on a very
large number of parameters such as raw materials types, carrier gas types, and spray
process. However, before optimization of such process parameters to obtain great
coatings quality(protection performance), the first decision concerns the choice of the
spray process and second choice of the raw material. In other words, it is not only
important to choose the appropriate spraying technology to play a key role in the
coating properties, but also to select the appropriate spraying material. Therefore, it
means that the two factors to determine a better coating property of (1) raw material(or
powder) itself and (2) spraying method(or spray parameters) [20, 21]. For example, the
HVOF process belongs to the system of thermal spray techniques and are widely used
in many industries to protect the components against wear and erosion[22,23]. In
addition, the standards of the original equipment manufactures(OEMs) recommend
MCrALY alloys being deposited using HVOF, because of the higher velocity of the in-
flight particles(550-800 m/s) [24]. Furthermore, the most reported that the wear
behavior of HVOF sprayed coatings have low porosity of approximately 1 %, the SEM
images are shown in Fig. 1-4[25-29]. As the result, it is now clearly proved that particle
velocity is an important process variable that affects particle melting and ultimately, the

density and adhesion of the deposited material(or coating) [30].

Figure 1-4 Images of the as-sprayed coatings by HVOF

(a) Surface, (b) Cross-sectional.
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1.2.2.2 Sprayed coating with ceramic raw materials

On the other hand, it is also admitted that in-flight particle temperature is a critical
parameter that influences coating thermal properties such as porosity and oxide level
[31]. For example, Plasma-sprayed(PS) thermal barrier coating(TBC) with yttria
stabilized zirconia(YSZ) systems has been developed in thermal insulating components.
In PS, the feedstock powder is melted and accelerated towards the substrate where it
flattens and rapidly solidifies. Generally, the shape of the powder is globular, and it is
easier to melt in the flame. Fig. 1-5 (a), (b) shows the morphology of YSZ powder and
cross-sectional of the as-sprayed coatings by PS method[32]. From the cross-sectional
SEM images, coatings are made of a bond coat and a zirconia based ceramic topcoat.
The topcoat of zirconia behaves as a thermal barrier layer[33, 34], hence, it exhibits a
microstructure containing pores, cracks, and inter-splats interfaces, with a porosity level
of 10 - 30 %, which provides a reduced thermal conductivity even less than of ~
IW/(m-K) and is essential to service durability during thermal cycling and thermo-
mechanical loading[35]. Whereas bond coat provides protection against oxidation and
corrosion to the substrate[34, 36], and it also helps to increase adhesion of ceramic
topcoat to the metallic substrate[37].

As the high-temperature(10000-15000K) process that the thermal interaction
between the particles and the spray jet is modified and control the microstructure to
improve the thermal insulation capability[24]. As a conclusion, these methods exhibit
that the advantages of the equipment itself such as an increase of the velocity of the
particle, result in an increase in the kinetic energy or rise in temperature for melting the
high-melting-point(e.g., zirconia of 2943 K) of the particle. In addition, other
techniques, such as flame spraying(FS), are still recommended given their lower cost.
However, it cannot be widely developed in these fields, because of the lower particle

velocity and flame temperature.
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Figure 1-5 SEM images (a)YSZ powder
(b) Cross-sectional of the as-sprayed coatings by PS.

1.2.3 New raw materials of thermal spraying

1.2.3.1 Ethylenediaminetetraacetic acid (EDTA)

Generally, thermal-sprayed coating systems of the raw materials melts or softens in
the flame. It can synthesis the coating of almost any material(metal, ceramic, plastic,
composite material). As described in the previous section, a physical reaction process
occurs in thermal spraying. Recently, a new type raw material(such as metal-EDTA
complex ) has been developed and used in the thermal spraying systems to synthesis
the coating.

Ethylenediaminetetraacetic acid(EDTA) is the most famous chelating agent. EDTA
is an artificial organic compound that has characteristic structure consisting of 6 ligands:
4 -COOH and 2 amines, as shown in Fig. 1-6. EDTA has achromic crystal powder, and
a molecular weight of 292.25 and a decomposition point of 240 ‘C[38]. In addition,
EDTA has specific characteristics never seen at other organic compounds. It forms
stable and water-soluble metal chelate with metal ion having two or more valences. And
the ratio of metal ion chelated to the EDTA molecule is always 1:1. Metal-EDTA
complex has several five-membered chelate rings that are in the most state, as shown

in Fig.1-7. It is a so-called chelating effect[39]. Moreover, EDTA is widely used in



synthesize ceramics composed of (single or multi)-elements by taking advantage of
these characteristics. For example, as described in the section of 1.1, metal oxide
ceramic films were synthesized from metal-EDTA complexes using a flame spraying

technique.
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Figure 1-6 Structural formula of EDTA.
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1.2.3.2 Metal-EDTA complex

The PS and HVOF method, which are mainly used in thermal spraying method, can
synthesize coating on the substrate suitable for a variety of working environments and
improving the properties such as the durability and anticorrosion(chemical or thermal
resistance) et al. because these can obtain a higher temperature and velocity of the
sprayed particles than other thermal spraying methods, as shown in Fig 1-2. However,
these methods have some weak points such as severe noise during operation and high-
cost of the equipment. Hence, the lower cost spraying method was proposed such as
flame spraying. However, this method has limitations in technical fields, such as high
melting point materials cannot be melted and synthesized coating, and it is also difficult
to synthesis a dense coating because of the lower flame temperature of 2300-2900 K
and lower velocity of the in-flight particles of 100-200 m/s, respectively. Therefore, as
the new synthesis method, a flame spraying apparatus using oxyhydrogen(H>-O.) flame
as a heat source and a synthesis method using metal-EDTA complex as a spraying
material were proposed by H. Saitoh et al. [40]. In this study, the metal-EDTA complex
as a raw material is put into a flame, which is the heat source, and its thermal
decomposition reaction and oxidation reaction of supported metal ions are used. This
method exhibits some advantages over plasma spray(PS) and HVOF even for high
melting oxide-metal materials, such as Y>03; and Er,O3 synthesized by the metal(Y or
Er)-EDTA complex that decompose at approximately 365 C (effect of the metal) . The
EDTA-Er-H and EDTA -Y-H complex have a structure, as shown in Fig.1-8 and 1-9.
Based on Fig. 1-7, the Er** ion is coordinated to the central metal ion and has a structure
in which “H” i1s bonded to one of the four carbonyl groups. EDTA -Y-H same as the
EDTA -Er-H has a similar structure because of the Y>* ion is also the central metal. A
characteristic of this method is that the high-melting-point metal oxide coating can be
synthesized at a relatively low temperature. Therefore, it shows a potential that the
coating can be synthesized without the need to raise the synthesis temperature to the
melting point of the target metal oxide (2000 C or higher), such as thermal barrier
coating(TBC).

10
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1.2.3.3 Research of new raw materials

At present, a new method to synthesize the metal-oxide ceramic coatings. Using the
metal-ethylenediaminetetraacetic acid(EDTA) complex with the flame spraying(FS)
apparatus has been developed[41]. In this method, the metal-EDTA complex was placed
in a feed unit and transported by flowing N> gas to the spray gun. As this technique
allows for high deposition rates, coatings with thicknesses of several tens of
micrometers could be obtained. The cross-sectional porosities of these films were 6-
15%. The highlight of the method is that the deposition process involves two processes
(1) a chemical reaction and (2) physical collision. During the chemical reaction, the
metal-EDTA complex decomposes and oxidizes to form metal oxide particles. In
addition, the chemical reaction of EDTA-M-H(M: metal species) can be represented by
equation (1-1).

2EDTA -M'H + 240, — M;03 +20CO; + 13H20 + 4NO> 1-1
In Eq.(1-1), EDTA-M-H reacts with O; to form an M>0O; film. Moreover, it can be seen
from the reaction equation that the products(gas of CO», H>O, and NO») have no effect
on the formation of metal oxides. In the second process, these molten particles impact
with the substrate and form a thick metal oxide ceramic layer. During the spray process,
the supply of oxygen atoms to the metal-EDTA complex is key for ensuring that the
chemical reaction takes place, the spraying process model image is as shown in Fig. 1-

10.

(1) Chemical reaction (2) Physical collision

| > | >

Decomposition Oxidation Melting

Substrate

/

M : Metal Collision, solidification(M O, splat)

Figure 1-10 Spraying pﬁ)cess of metal-EDTA complex.



In this spray process system, using the metal-EDTA complexes could be
synthesized the various of the metal-oxide ceramic films such asY>03, Eu203 and Er, O3,
the cross-sectional SEM images of the films deposited on SUS substrate as shown in
Fig.1-11. From this study, the presence of crystalline Y203, EuxO3, and Er.O3 phases
was confirmed, and the cross-sectional porosities, thicknesses in the obtained films
were estimated as 6-15%, 9-22 um, respectively[42]. These results mean that the true
density of the metal oxide formed by the metal-EDTA reaction process plays an
important role in the achievement of films with the desired microstructure using the
flame spraying method. Therefore, this method exhibits the potential that using the
lower flame temperature and in-flight particle velocity can be synthesized similar

property coating at the low cost, compare with HVOF and PS.

‘_. i~

o v &

ﬁfbstrate

Figure 1-11 Cross-sectional SEM image of the as-synthesized films of
(a) Y203, (b) Eu203, (¢) Er20s.

1.2.4 Application with thermal barrier coating (TBC)

The thermal barrier coatings were developed and utilized as early as the 1940s, and
rapidly made them high performances. These have been the subject of vigorous research
activities over the last decades, and a number of reviews are found in the recent
literature on both aspects of materials and processes[43-47]. Thermal barrier
coating(TBC) is a film that has the function of preventing necessary heat from being
released or preventing heat from entering from outside[48]. Now day, it is widely used

in thermal insulating components such as gas turbines blades in power plants, engines
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in car and jet engines airplanes, etc.
1.2.4.1 TBC

As described in 1.2.2, TBC is composed of a two-layer coating, the one of a bond-
coat formed of a heat-resistant alloy and a top-coat formed of ceramics. The main
purpose of this dual-layer system is to provide thermal insulation of the superalloy
components, thus improving performance or lifetime[49]. The role of the bond coat has
three points: (1) improve the bond between the substrate and the ceramic, (2) protect
the substrate from high temperatures, and (3) relieve the thermal stress due to the
difference in the thermal expansion coefficient between the substrate and the ceramic
films. As a bond coat, an MCrAlY alloy (M: Ni, Co, etc.) having oxidation resistance

1s often used.

Substrate

Coatings’/\

Figure 1-12 The theory of Thermal Barrier Coating (TBC).

Fig. 1-12 shows the theory of TBC. The temperature T is on the high temperature

side, and the temperature T2 in on the low temperature side. In the steady state, if there
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is TBC, the temperature drops significantly in the films as shown by the solid line. On
the other hand, if there is no TBC that the temperature distribution is as shown by the
dotted line. In Japanese Industrial Standard (JIS H7851), AT is defined as thermal
insulating performance and is represented by a temperature difference between the front
surface and the back surface of the top-coat.

The primary role of the top-coat is to protect the substrate and bond coat from high
temperatures or thermal cycles. It is well known, the ability of a material to withstand
a given temperature change depends on a complex combination of stable phase
structure, thermal conductivity, and the overall geometry of that material. In the
following, the authors will briefly introduce the influencing factors of thermal
insulation capability.

A. Thermal conductivity

For the materials itself, thermal conductivity of standard plasma-sprayed 6 — 8 wt.%
yttria partially stabilized zirconia coatings is typically 1.1- 1.4 W/(mK) [35]. Lowering
this value, which is a key physical property of TBCs, could ensure further engine
performance mainly by improving the combustion efficiency. In addition, the thermal
conductivity of a porous ceramic coating depends on the intrinsic thermal conductivity
of the bulk material related to its composition and structure, as well as on the
architecture of the porous network. Therefore, to obtain low thermal conductivity films,
it is much important to design the film structure, such as splat gap, porosity, and
thickness, to improve the thermal transport time for thermal insulation capability.

B. Phase structure

As we all known, the phase structure of the coating determined its performance[50].
For example, D. Yan et al. reported that the monoclinic Er2O3; showed better radiation
resistance[51], and cubic phase Er.O3 exhibited higher hardness and elastic modulus
than monoclinic and amorphous Er,O3[52, 53]. Furthermore, T.P. Wen et al. reported
that the cubic Y203-MgO-ZrO; exhibited good thermal shock resistance than the
monoclinic Y203-MgO-ZrO;[54]. However, the effect of pure ZrO» resulted from phase
transformation will reduce its thermal shock resistance, thus, it is necessary to use a

stabilizer such as Y203 and MgO to stabilize ZrO,. Therefore, it means that the effect
15



of improving the thermal performance(such as thermal insulation and thermal shock)
can be achieved by the stabilized crystal structure.

Furthermore, from the above analysis that the temperature drops down in TBC
with low thermal conductivity, as shown in Fig. 1-12. As mentioned above, if the
thermal conductivity of TBC is even lower, the slope of the temperature drop with the
increases, and effect of thermal insulation AT also increases. Therefore, it can be seen
that the thermal insulation performance of TBC is affected by thermal conductivity.
Simultaneously, based on the experimental and theoretical analysis, the empirical
formula of the thermal conductivity k is as shown following Equation(1-2)

k = kc(1 — BP) 1-2
where kc is the thermal conductivity of the bulk material, 3 is the factors by means of
the microstructure of substances and materials, P is the porosity. From this equation,
it can be seen that as the porosity increases, the thermal conductivity decreases. In the
following study, S. Sivakumar et al. synthesized La>Zr,O7 films(porosity of 16% to
28 %) with different porosity using plasma spray and measured the thermal
conductivity[55]. In the results, it was reported that the thermal conductivity decreased
up to 25% when the porosity increased. As described above, it can be considered that

the thermal conductivity of the TBC changes depending on the porosity.

1.2.4.2 Method of the sprayed TBC

Thermal spraying is a typical method for synthesizing TBC with top-coat [56]. In this
system, the plasma spraying (PS) is often used for TBC[57- 60]. The origin of thermal
spray coating is that molten or semi-molten particles impact with a base-material and
flatten to be the disk-like shaped splats, which are formed by innumerable deposition.
Therefore, based on the process that the kind of microstructure to form such as the pores,
the cracks between splats and the gap between both splats are present in the coating. In
general, it is said that air exists in the pores and the thermal conductivity is lower than
that of a solid or density so that thermal insulation can be obtained. Furthermore, since

thermal conduction is transmitted by phonons, it is also explained that thermal
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insulation to be obtained by inhibiting the mean free path of phonons by pores. In the
previous reports, we could observe the details of TBC with cross-sectional structures
by thermal spray, as shown in Fig.1-13, as well as the result details listed in Table 1-1.
It can be clearly seen that the reported TBC contains pores, the film thickness is about
150-400 um, the porosity is about 7.0 —20.0%, and AT 65 -133°C, respectively[61-63].
It can be considered that thermal insulation capability becomes good with increasing
porosity. Those structural analyses of the TBCs which the pores have become the most

important research project for understanding their properties.

(b)

o |

NiCrAlY coating

superalloy substrate
XZ88 188am BBZE2 JSM-5&608

(c)

Figure 1-13 Cross-sectional structure of TBC deposited by thermal spraying method

(a) The TBCs of the 7-8 wt % YSZ and bond-coat NiCrAlY, (b) The TBCs of the 8 wt %

YSZ and bond-coat NiCrAlY, (c) 8 wt%YSZ.
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Table 1-1 The values of TBCs by thermal spraying.

Top-coat /Bond-coat thickness(um)

i AT(C
Spray method / substrate / porosity(%) (©)
t heri

;1:;21555 ;;;Cy 7-8 wt%YSZ/ NiCrAlY Approximately 133>

e / Ni 430/20.37

. .
APS 8 wi%YSZ / NiCrAlY 320/13.0 71
/ Ni
8 wt%YSZ
63)
APS /N Al 150/ 6.83 65

The TBC made of YSZ/M(metal alloy) is formed by APS, however, the techniques

are very expensive, due to the high powder output and large equipment. Therefore, a

new method of spraying should be developed. Recently, yttrium oxide(Y203) films

were synthesized from a metal-ethylenediaminetetraacetic(metal-EDTA) complex by

the H>-O> combustion flame. And it was also discussed the relationship between

microstructures(porosity) of the metal-oxide film and the cooling agents, the various

cross-section EDX images of films shown in Fig.1-14. In this study, the Y203 films

synthesized using the rotation apparatus with cooling agents exhibited the high porosity

of 22.8 - 36.4 %, respectively[64]. As conclusion, it means that the M-EDTA complex

combined with the flame spray technique can be expected to synthesis the thermal

barrier coating. However, a serious of research still need to investigate such as the

microstructure evolution and the thermal performance (heat resistance, adhesion,

thermal conductivity, and thermal insulation capability) of the coating in this method.
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Figure 1-14 Deposited by flame spray in different conditions at rotation velocity of 45
rpm. (a) not cooling, (b) compressed air, (c) liquid nitrogen (d) purified water
atomization.

19



1.3 Statement of problem

As described in 1.2.4, the structure of thermal barrier coatings(TBCs) is a crucial
way to understand the difference between properties and applications of these materials.
In addition, Plasma-sprayed TBC systems are widely used in spray method. The coating
is generally composed of the top layer and the bond layer, result in the necessary to
multiple deposition processes. This system is a popular traditional approach to fabricate
metallic coatings from melted metal particles [65-69]. However, the stable coating
characteristic requires equivalent energy conversion, such as flame temperature, higher
power conditions [70,71]. Therefore, development of another approach of spray
technology with lower energy consumption, fast, and convenient is particularly
important, such as chelate flame spray(CFS).

The CFS process exhibits some advantages over plasma spray and HVOF even for
high melting oxide-ceramic such as metal-ethylenediaminetetraacetic acid(EDTA) that
decomposes at approximately 673K[72]. This is the reason why the EDTA can be
chosen as the raw materials precursor for flame spray system. Recently, metal oxides
were synthesized from metal-EDTA complexes using a flame spraying technique[73-
75]. This method is not only being successfully synthesized dense metal oxide films
with a cross-sectional porosity of 3 % and thickness of 20 pm but also being synthesized
porous structure metal oxide films with a cross-sectional porosity of 36 % and thickness
of 36 um by CFS method[64, 72]. Therefore, this method is suitable and qualified for
the synthesis of the TBCs. However, the coating with thermal insulation capability must
require sufficient porous structure with a large number of areas(or layers), so the
resulting coating must require stable thickness such as 300 um. Thus, to obtain stable
thickness with porous coating, it is possible for this method to design composition
precisely of the parameter in the spray process. In contrast, it is difficult to determine
the appropriate morphology of splats. Therefore, we should accurately grasp the
following points: (1) regulation of the speed of decomposition and oxidation of raw

materials in flame. (2) condensation rate and morphology of each molten particle
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deposited on the substrate. Both the (1) and (2) points are important to synthesize TBCs,
which will focus on a discussion in this study.

On the other hand, the thermal insulation capability evaluation schemes of TBC are
quite important during select them to use in some industrial fields, such as internal
combustion engine wall, jet engines air-planes, etc. it has also undergone a development
process, that from summing predecessors and summarizing data to performing thermal
insulation capability test method and analysis standard. However, those methods are
difficult to combine with the actual application conditions, and to get properties closer
to the TBC. In order to overcome these limitations, the harsh test environment(high
temperature thermal cycle) and tools to simulate the combustion chamber with the Flash

theory will be discussed in the study.

1.4 Objectives of this study

The objective of this study is to realize synthesis of the film with the high porosity
to provide thermal insulation capability on an Al alloy substrate by the chelate flame
spray(CFS) method. In this method, to design TBC on the Al alloy substrate with a low
melting point, to change each parameter and try to design the splat shape on the
substrate in the state of the flying molten particles. Based on the above analysis, the
condition with a small number of disk-like shaped splats is set, and the metal oxide
thick coating with the various kind of porosity is deposited. Furthermore, the thermal
insulation capability of the thick coating will be evaluated by the various test methods.
This study is divided into four issues, as follows:

» To synthesize the metal-oxide film on the stainless steel substrates, and to
investigate the relationship between the films and the carrier gas types(air, N2, and
O>). Furthermore, to investigate the relationship between the films and the various
kinds of the substrates (quartz glass, stainless steel, Al-Mg alloy), and to compare

changes structural of the films.
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» To change the parameters of the CFS method to design the splat shape on Al alloy
substrate in the state of flying particles, and then, to evaluate the heat resistance
and adhesion of the coating through the thermal cycling and the annealing test.

» To set spray conditions based on the splat morphology, and the metal oxide thick
coating to synthesize on an Al alloy substrate, and to investigate the coating
structure.

» To test and evaluate the thermal insulation capability and the thermal conductivity

of the deposited metal oxide thick coating.

1.5 Outline of this thesis

This thesis is composed of nine chapters presenting the detail as follows:

Chapter 1 “General Introduction” describes the overview, literature survey the
statement of problems and objectives of this research.

Chapter 2 “Synthesis of metal oxide films using the chelate flame method with the
different carrier gas” describes the difference of the carrier gas plays an important role

in determining the thickness and porosity of the metal oxide coating.

Chapter 3 “cross-sectional structure of metal oxide films using the chelate flame
method and the analysis”, to investigate the cross-sectional structures of the ErOs
coatings, on substrates with different common materials, i.e., quartz glass, stainless
steel (SUS304), and aluminum-magnesium alloy (A5052). The result shows the design

of a ceramic film microstructure that reduces cracks in the ceramic film.

Chapter 4 “Effect of deposition parameters on metal-oxide splat morphology in
chelate flame spray process ”, using the chelate flame spraying method combined with
multi-dimensional modes are proposed to control the morphology of splats.

Chapter 5 “Heat-shock properties in Y203 films synthesized on the stainless-steel
substrate”, through characterizing the film thickness, surface cracks, and
microstructure, the results show that the Y2Os3 films have high thermal-shock resistance

with the cyclic thermal test, and are suitable for use as thermal barrier coatings
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Chapter 6 “Heat resistance and adhesion properties of Y>Os3 films on an aluminum
alloy substrate by atmospheric annealing test”, describes the Y203 coatings exhibits a
strong adhesion with the aluminum alloy substrate, and it is provided that elemental
diffusion in the joining was not observed from cross-sectional EDX analysis.

Chapter 7 “Thermal insulation capability of Y203 and Er:03 coatings on an
aluminum alloy substrate”, describes the thermal insulation capacity of the Y203,
Er203 coatings synthesized by the cooling substrate with liquid nitrogen method is
improved.

Chapter 8“4 new method development for thermal analysis of metal-oxide
coating”, Developed a new test method with thermal insulation capability and thermal
conductivity of coating using the flame-spray experiment.

Finally, Chapter 9 “General Conclusions” describes conclusions of this work.
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Chapter 2

Synthesis of metal oxide films using chelate flame method

with different carrier gas

Abstract

In this study, we synthesized dense metal oxide films from a metal
ethylenediaminetetraacetic acid complex using a flame sprayer. Erbium oxide
(Er203), Yttrium oxide (Y203) films were synthesized on stainless steel substrates
using N2, air (O2 + N2), or O2 as the carrier gas and an H>-O2 mixture as the
combustion gas. When Oz was used as the carrier gas, 9.9-20.5 p m thick oxide
layers were deposited on the stainless steel substrate. The cross-sectional porosities
of the films were 3-5%. In contrast, oxide layers with 8.1-15.8 pu m thickness were
synthesized on stainless steel substrates when N2 and air were used as carrier
gases. The cross-sectional porosities of these films were 16.1-23.4%. These
results indicated that the carrier gas plays an important role in determining the

thickness and porosity of the resulting film.
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2.1 Introduction

Thermal spraying is a surface-modification technique commonly used to
deposit thermal barrier coatings, which are effective in improving the
durability and anticorrosion (chemical resistance) and heat-shock properties of
structural materials [1-3]. Thermal spraying techniques have numerous
advantages, including a high deposition rate and the ability to deposit coatings
on large areas on an industrial scale. For example, the chemical resistance of
a material plays a critical role in determining the stability of the material in
corrosive environments at temperatures lower than 550 <T [4]. Some of the
commercial materials that exhibit high chemical resistances are zinc,
aluminum, and zinc-aluminum alloys [5]. Four approaches are defined in the
Japanese Industrial Standard H8250-1998 for fabricating films with high
chemical resistances. These are (1) corrosion-prevention spraying to prevent
the corrosion of the raw metal, (2) anti-rust spraying to prevent the formation
of rust in steel, (3) corrosion-resistant spraying to protect high-resistance
materials from corrosive environments, and (4) anti-high-temperature
oxidation spraying to prevent the high-temperature oxidation of materials in
severe environments. Ideally, the corrosion resistant films deposited on
materials to be protected should not exhibit cracks. However, a few cracks are
always formed on industrially coated films. In such cases, a sealing treatment
must be performed on the films to fill these cracks [6,7]. Thus, corrosion-resistant
films with higher densities are desirable.

The temperature and velocity of the in-flight particles are the key factors for
obtaining films with a dense morphology. For examples, plasma spraying (PS) and
high-velocity oxygen fuel (HVOF) coating techniques are suitable for synthesizing
dense films by thermal spraying [8-10]. In the PS technique, the in-flight particles
have temperatures of 10,000-15,000 K, and their velocity reaches 100-200 m/s. In
contrast, for the HVOF coating technique, these parameters are 2300-2900 K and
550-800 m/s. The films synthesized by the HVOF coating technique are denser than
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those obtained by the PS technique. Thus, it seems likely that the velocity of in-
flight particles determines the density of the deposited films. Recently, metal oxides
were synthesized from metal ethylenediaminetetraacetic acid (EDTA) complexes
using a flame spraying technique [11-13]. The metal-EDTA complex was placed
in afeed unit and transported by flowing N2 gas to the spray gun. As this technique
allows for high deposition rates, films with thicknesses of several tens of micrometers
could be obtained. The cross-sectional porosities of these films were 6-15%. This
deposition technique involves two processes: a chemical reaction and physical
collisions. During the chemical reaction, the metal-EDTA complex decomposes
and oxidizes to form metal oxide particles. In the second process, these particles
collide with the substrate and form a thick metal oxide layer. During the synthesis
process, the supply of oxygen atoms to the metal-EDTA complex is crucial for

ensuring that the chemical reaction takes place.

In this study, dense Er.Oz and Y203 films were synthesized from EDTA-Er-H
and EDTA-Y-H complexes through flame spraying; the process involved a
chemical reaction of the complex. The Er.0z and Y203 films were deposited on
stainless steel substrates using various gases as the carrier gas and a mixture of Ho-
02 as the combustion gas. The carrier gases used were nitrogen, commercial air
(nitrogen and oxygen), and oxygen. First, we determined the effects of the carrier
gas used on the decomposition of the complexes. Next, we examined the effects of the
carrier gas on the microstructures of the deposited films. Furthermore, the effects

of the carrier gas on the characteristics of the deposited films were also studied.

2.2 Materials and methods

As mentioned above, the EDTA complex powders, EDTA £r H and EDTA Y H
(Chubu Chelest Co., Ltd.) were used for synthesizing the ErOz and Y203 films. A
conventional flame-spraying apparatus consisting of a feed unit (SMPE, Sulzer Metco)
and a spray gun (6P-I1, Sulzer Metco) was used to perform the reactive spraying. This

apparatus is used commercially for the deposition of metal or self-fluxing alloy films
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with an acetylene or hydrogen flame. As has been stated above, we employed different
carrier gases to determine the effects on the carrier gas on the properties of the
deposited films. The EDTA-Er-H and EDTA-Y-H complexes were placed in the feed
unit and transported by Oz, air (O2 + N2), or N2 to the spray gun. The carrier-gas flow
rate was set at 7.1 L/min. Next, we changed the flow rate of 14.2 L/min to investigate
the effect of O carrier gas composition for dense Er.Os film. In addition, we changed
the flow rates of powder of 10 g/min and 20 g/min to investigate the effect of particle
temperature and velocity for structure of Er.Os film. Furthermore, we employed the
EDTA £r H complex with different diameters (or raw materials size). Including the
unscreened cuboid EDTA-Er-H powder, five raw material particle sizes, i.e.,
unscreened, 75-um-on, 53-pum-on (75-53 pm), 45-pm-on (53 — 45 pm), and 45-um-
pass, with average particle sizes of 67.89, 82.37, 63.37, 54.71, and 42.26 um,
respectively, were selected for the experiments. In this study, we selected hydrogen gas
as the fuel. A mixture of Hz and O, with the respective flow rates being 32.6 and 43.0
L/min, was used as the flame gas. The EDTA-Er-H and EDTA-Y-H powders were
introduced to the flame and made to react with oxygen, which resulted in the thermal
decomposition of EDTA. The particles of the resulting product were then sprayed onto
the SUS304 stainless steel substrate(30 x50 < 1 mm?3), which had been previously
blasted with #60 alumina grit (purity of 99.7%, particle size of 212-250 pum, Fuji
Manufacturing Co., Ltd.), resulting in the deposition of a metal oxide film. The distance
between the spray gun and the substrate was 150 mm. The deposition duration was 4—
10 s. The gun traverse rate was 50 mm/s. Next, the spray nozzle was moved in a
longitudinal direction, and deposition was performed again for approximately 6 s for
each area without preheating the substrate. The yield percentage (i.e., deposition
efficiency) of this technique was approximately 60%, as determined by actual
measurements.

The thermogravimetric (TG)/differential thermal analysis (DTA) profiles of the
EDTA £r H complex in the O + N2 and N2 atmospheres were obtained using a
thermogravimetric analyzer (ThermoPlus 2, Rigaku). X-ray diffraction (XRD) analysis

(MO3XHF22, MAC Science) were performed using Cu Ko radiation to observe the
32



crystal structures of the films. The remaining organic matter in the films was evaluated
by Fourier transform infrared spectroscopy (FT-IR, IMPACT-410: Nicolet) by the
attenuated total reflection method. The surface and cross-sectional morphologies of the
films were observed using field-emission scanning electron microscopy (FE-SEM)
(JSM-6700F, JEOL). The constituent elements in the films and their distributions were
estimated through energy-dispersive X-ray spectroscopy (EDX) combined with
FESEM. The thicknesses and porosities of the films were determined by analyzing
SEM images of the films using the software Image J. First, the thickness is average
thickness of 20 transverse sections in the whole image. The standard deviation of
thickness was also estimated. Next, the porosity was estimated from area ratio of film
in the image. The temperatures and velocities of the particles in the combustion gas
were measured with an infrared camera (Accura Spray-G3: Tecnar). It working at the
particles temperature of 900 ‘C or more, and velocities measured in 5 — 1200 m/s,
then a signal is generated when the particle passes through the slit, and the velocity of
the particle can be calculated form pass time and distance. First, a combustion flame
was formed by mixing hydrogen and oxygen. Next, the camera was set vertically at a
distance of 20 cm from the center of the flame plume. The temperature and velocity of
the in-flight particles were measured at nozzle-substrate distances of 110, 130, 150, and

170 mm.

2.3 Results and discussion

We first investigated the thermal decomposition behaviors of the EDTA £r H
complex in the different atmospheres. Exothermic peak means combustion and
decomposition reaction processes inthe EDTA complex. In contrast, endothermic
peak means vaporization reaction process of the complex. The TG/DTA profile
of the complex in air (O2 + N) is shown in Fig. 2-1. An exothermic peak can be
seen at approximately 365 <C. This peak indicated that the oxidative decomposition
of the EDTA £r H complex occurred in the O2 + N2 atmosphere. The TG/ DTA

profile of the complex in the N2 is shown in Fig. 2-2. An endothermic peak can be
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seen at approximately 400 <C. The peak indicated that had decomposition of
EDTA £r H occurred in the N2 atmosphere. These TG/DTA profiles were confirmed
inthe EDTA <Y H complex [12]. Thus, the thermal pyrolysis behavior of EDTA £r H

was depended on the reaction environment.
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Figure 2-1 TG/DTA curves for the EDTA Er H complex with air (O2 + N2)

as the carrier gas.
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Figure 2-2 TG/DTA curves for the EDTA £r H complex with N2 as the carrier

gas.

Fig. 2-3 shows photographs of the experimental setup. The commercial flame-

spraying apparatus and the H>-O> flame can be seen. When O, was used as the
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carrier gas, a brighter flame was obtained that when N2 was used as the carrier
gas. Photographs of the films deposited with the EDTA E£r H using the different
carrier gases are shown in Fig. 2-4. The color of the blasted SUS substrate was light
gray. After the deposition, it changed to pink, which was also the color of Er,Os.
This confirmed the presence of the films on the SUS substrates. Further, there
was no difference in the colors of the films deposited using the different carrier
gases. These phenomena were confirmed in with the EDTA Y H. The color of

Y203 was white.

Figure 2-3 Photograph of the experimental setup, which included a
commercial flame- spraying apparatus and an Hz-O> flame and used (a) O2

as the carrier gas, and (b) N2 as the carrier gas.
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Figure 2-4 Photographs of the films synthesized with EDTA £rH on

SUS304 substrates from the EDTA £r H complex using (a) Oz as the carrier
gas, (b) air (O2 + N2) as the carrier gas, and (c) N2 as the carrier gas. The

photograph in (d) is of a blasted SUS substrate.

To determine the crystalline structures of the deposited films, XRD analyses were
performed. Fig. 2-5 shows the XRD profiles of the three films deposited on the
SUS304 substrates. The peaks in their XRD profiles could be assigned using the
International Centre for Diffraction Data (ICDD) cards as references. In Fig. 25 (1),
all the films deposited using EDTA £r H exhibited cubic and monoclinic Er,Os
crystalline phases (ICDD Card Nos. 00-008-0050 and 01-077-6226, respectively).
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Er.Oz exhibits three structural polymorphisms: cubic, monoclinic, and hexagonal,
which are commonly known as C-, B-, and A-type structures, respectively [14]. In
Fig. 2-5b, the cubic Y203 crystalline phase (ICDD Card No. 00-041-1105) were
confirmed in all films with EDTA-Y-H. Thus, the choice of the carrier gas had no

effect on the crystal structures of the deposited films.
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Figure 25 (1) XRD profiles for 26 of 10-80<for the films synthesized with
EDTA E£r H using (a) Oz as the carrier gas, (b) air (O2 + N2) as the carrier gas,
and (c) N2 as the carrier gas. (2) XRD profiles for 26 of 1080 <for the films
synthesized with EDTA <Y H using (a) O2 as the carrier gas, (b) air (O2 + Ny)

as the carrier gas, and (c) N2 as the carrier gas.

The chemical compositions of the obtained films were assumed to be an indicator of
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the degree of decomposition of the EDTA complex. The organic constituents were
determined by FT-IR. Fig. 2-6 shows the FT-IR spectra of the Er.O3 films obtained
using the different carrier gases. The FT-IR spectrum of the EDTA £r H complex s
shown for comparison. The EDTA £r H complex exhibited peaks at 1440 and
1500— 1700 cm™*, which could be assigned to the carbonyl group. Further, the broad
peaks at 2900 and 3300 cm ™t in the FT-IR spectrum indicated the presence of carbon-
hydrogen bonds and the hydroxyl group [11]. In contrast, the Er,Os films did not
exhibit any FT-IR peaks, confirming that they did not contain many organic
constituents. These results were also confirmed inthe FT-IR spectra of the Y203 films
obtained using the different carrier gases. These results indicated that the

decomposition and oxidation of the EDTA complex occurred in all the carrier gases.
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Figure 26 FT-IR spectra of the metal oxide films synthesized with EDTA £r H
using (a) O as the carrier gas, (b) air (O2 + N2) as the carrier gas, and (c) as

the N2 carrier gas.

Fig. 2-7 shows surface SEM images of the three Er,Oz films. When N> was used as
the carrier gas, a number of spherical (i.e., not flattened) particles with sizes of
approximately 5-10 um was also observed. Further, even though large pores were

present, flattened particles were also seen in the Er203 film synthesized using Oz + N2
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as the carrier gas. Finally, a large number of flattened particles were seen in the Er,O3
film deposited using O as the carrier gas. Particles with the highest degree of flatness
(or splatting) were observed in the Er.Os film obtained using O as the carrier gas,
for which flat Er>O3 particles were deposited (Fig. 2-7a). In contrast, when N2 was
used as the carrier gas, the degree of flatness was the lowest, with spherical particles
also being observed (Fig. 2-7c). Thus, the choice of the carrier gas caused differences
in the surface morphologies of the deposited Er,Oz films. In general, the
microstructures of the films deposited by the PS and HVOF coating techniques vary
with the combustion gas used and its composition [15,16]. This is because these
parameters determine the flame's temperature and the density of the plasma in the
reaction system. These, in turn, determine the temperature and velocity of the in-
flight particles. Fig. 2-8 shows surface SEM images of the three Y203 films. The
highest degree of flatness was observed in the Y203 with Oz as the carrier gas. In
contrast, the lowest degree of flatness was observed in the Y20z with N2 as the carrier
gas. Thus, the chemical reaction processes (decomposition and oxidation) of the

EDTA complex can be varied by changing the carrier gas used.

Figure 2-7 Surface SEM images of the films synthesized with EDTA-Er-H
using (a) O as the carrier gas, (b) air (O2 + N>) as the carrier gas, and (c) N2 as

the carrier gas.
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Figure 2-8 Surface SEM images of the films synthesized with EDTA-Y-H
using (a) Oz as the carrier gas, (b) air (O2 + N) as the carrier gas, and (c) N2 as

the carrier gas.

Next, the cross-sectional morphologies and elemental distributions of the films
were determined using SEM and EDX analyses. Fig. 2-9 shows cross-sectional
SEM images for the Er.Oz films obtained using the various carrier gases. The
films consisted of several Er,O3 layers with thicknesses on the micronscale. Large
pores with diameters of approximately 2-5 pum were observed in the Er,Oz film
deposited using N2 as the carrier gas. Furthermore, it was found that the number of
pores in the Er.Oz film synthesized using O2 + N2 as the carrier gas was lower.
Finally, the film deposited using O- as the carrier gas had the fewest pore. Table
2-1 shows the thicknesses and cross-sectional porosities of the Er.Os films; The
porosities were determined by analyzing SEM images of the films. This analysis
method can be used to determine the numbers of both open and closed pores [17].
The Er,03 film obtained using N2 as the carrier gas had an average thickness of
15.8 um and a cross-sectional porosity of 23.4%. Next, in the case of O2 + N>

as the carrier gas, these values were 22.1 um and 5.9%, respectively. When Oz was
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the carrier gas, the resulting film was the densest, having a porosity of 3.0% and an
average thickness of 20.5 um. In addition, we investigated the effect of O> carrier
gas composition for dense Er.Oz film. Fig. 2-10 shows cross-sectional SEM
images for the Er.Os films obtained using different flow rates of powder. The
Er.03 film obtained using 10 g/min powder as the flow rates had a cross-sectional
porosity of 8.3%. In contrast, in the case of 20 g/min powder as the flow rates, the
value was 17.3%. The porosity values have variation, the Er>Oz film was densified
by the flow rates of powder with 10g/min. Fig. 2-11 shows cross-sectional SEM
images for the Er.03 films obtained using different Oz carrier gas composition.
The Er;03 film obtained using 14.2 L/min O as the carrier gas had a cross-
sectional porosity of 6.6%. In contrast, in the case of 7.1 L/min O as the carrier
gas, the value was 3.0%. Although the porosity values have variation, the Er.O3
film was densified by O» carrier gas. To further investigate the microstructures in
Er O3 films deposited on substrates with various sizes of EDTA Er H particles,
cross-sectional SEM images, as shown in Figs.2-12 (a) to (e), were analyzed. The
microstructures of the pores and gaps can be clearly seen in films. Large pores were
observed in the Er.Oz film deposited using the raw material size unscreened with the
porosity of 5.9 %. And in the case of 75 um on as the raw materials, the value was
3.1%. Furthermore, it was found that the almost no change of pores in the Er,O3
films synthesized using the raw materials 75 — 53 um and 53-45 um/ 45 pum pass
with the porosity of 4.6 %, 4.2%, 4.4 %, respectively. Fig. 2-13(a) shows cross-
sectional SEM images for the Y203 films obtained using the various carrier gases.
Fig.2-13(b) show cross-sectional EDX mapping images of the particles
synthesized from the EDTA <Y H complex. The areas of bright contrast indicate
yttrium. Dense Y203 film layer was also observed in case of O carrier gas. Table
2-2 shows the thicknesses and cross-sectional porosities of the Y203 films. From
Tables 2-1 and 2-2, the Er,O3 films were thicker than the Y203 ones. The Er.03
have a higher true density compared to Y20s. The Er.Os particle would have
higher adhesion efficiency compared to that of Y203, because of higher collision

energy of the in-flight particle. These results indicated that O is the most suited
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carrier gas for fabricating dense metal oxide layers.

) Substrate

Figure 2-9 Cross-sectional SEM images of the films synthesized with
EDTA Er H using (a) O as the carrier gas, (b) air (O2 + N) as the carrier gas,

and (c) N2 as the carrier gas.

Table 2-1 Thicknesses and cross-sectional porosities of the films synthesized
on the SUS304 substrates with EDTA £r H complex using the different

carrier gases. SD is standard deviation.

Carrier gas Film thickness (SD) (pm) Cross-sectional porosity (%)
N 8.1(4.2) 16.1
0>+ Na (Air) 9.5(5.9) 12.0
0, 9.9(3.1) 5.0
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Figure 2-10 Cross-sectional SEM images of the films synthesized with
EDTA Er H using different flow rates of powder. (a) 10 g/min (b) 20 g/min.

Figure 2-11 Cross-sectional SEM images of the films synthesized with

EDTA £r H using different O carrier gas composition. (a) 7.1 L/min (b) 14.2

L/min.
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Figure 2-12 Cross-sectional SEM images of the films synthesized with

EDTA £r H using different raw material size. (a) unscreened (b) 45 pum pass

()53 — 45 um (d) 75 — 53 um (e) 75 um on.

Table 2-2 Thicknesses and cross-sectional porosities of the films synthesized on

the SUS304 substrateswithEDTA <Y H complex using the different carrier gases.

SD isstandard deviation.

Carrier gas Film thickness(SD) (um) Cross-sectional porosity (%)
N> 15.8(4.7) 23.4
02+ Nz (Air) 22.1(6.0) 5.9
0 20.5(3.6) 3.0
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(2)
(c) ® Y
® Fe

Figure 2-13 (1) Cross-sectional SEM images of the films synthesized with
EDTA ¥ H using (a) O as the carrier gas, (b) air (O2 + N3) as the carrier gas,
and (c) N2 as the carrier gas. (2) Cross-sectional EDX images of the films
synthesized fromthe EDTA <Y H using (a) Oz as the carrier gas, (b) air (O2 + N>)
as the carrier gas, and (c) Nz as the carrier gas. The areas of bright contrast

indicate yttrium.
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With respect to thermal spraying, knowing the temperature and velocity of the in-
flight particles is useful for determining their collision behavior, which affects the
crystalline structure and morphology of the deposited film [18,19]. Figs. 2-14 and
2-15 show the temperature and velocity of the in-flight particles with EDTA £r H
for each carrier gas as a function of the nozzle-substrate distance. At a nozzle-
substrate distance of 150 mm, the temperatures were 2290 <C in N2 gas, 2300 T in
O2 + N2, and 2400 <T in Oz gas. Further, the velocities of the particles were 99 m/s
in N2 gas, 96 m/s in O2 + N2 gas, and 90 m/s in Oz gas. The maximum temperature
was in N2 gas at a distance of 150 mm. However, when the distance was changed
to 110 mm, the highest temperature was obtained in O2 + N2 and O, gas. The velocity
in N2 gas was the highest at a distance of 150 mm and decreased gradually as the
distance was decreased. In contrast, the velocities in O2 + N2 and O2 gas decreased
with an increase in the nozzle-substrate distance. Figs. 2-16 and 2-17 show the
temperature and velocity of the in-flight particles with EDTA Y H for each carrier
gas as a function of the nozzle-substrate distance. At a nozzle-substrate distance of
150 mm, the temperatures were 2330 T in N2 gas, 2330 T in Oz + N2,and 2570 T
in O2 gas. Further, the velocities of the particles were 100 m/s in N2 gas, 99 m/sin O>
+ N2 gas, and 100 m/s in Oz gas. The maximum temperature was in Oz gas at a
distance of 150 mm. The velocity in Oz gas was the highest at a distance of 110 mm
and decreased gradually as the distance was decreased. These phenomena were

also observed in Oz + N2 gas, and in N2 gas.
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Figure 2-14 Temperatures of the in-flight particles with EDTA £r H propelled
in the H2-O2 combustion gas mixture at different nozzle-substrate distances
while using (a) O: as the carrier gas, (b) air (O2 + N2) as the carrier gas, and (c)

N2 as the carrier gas.
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Figure 2-15 Velocities of the in-flight particles with EDTA-Er-H propelled
in the H>-O> combustion gas mixture at different nozzle-substrate distances
while using (a) O: as the carrier gas, (b) air (O2 + N2) as the carrier gas, and

(c) N2 as the carrier gas.
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Figure 2-16 Temperatures of the in-flight particles with EDTA <Y H propelled

in the H2-O2 combustion gas mixture at different nozzle-substrate distances

while using (a) O as the carrier gas, (b) air (O2 + N2) as the carrier gas, and

(c) N2 as the carrier gas.
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Figure 2-17 Velocities of the in-flight particles with EDTA-Y-H propelled in

the H2-O> combustion gas mixture at different nozzle-substrate distances while

using (a) O2 as the carrier gas, (b) air (O2 + N3) as the carrier gas, and (c) N2

as the carrier gas.
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On the basis of these results, the effects of the carrier gas on the properties of
the deposited films are discussed below. The cross-sectional porosities of Er.O3
films were 23.4%, 5.9%, and 3.0% when carrier gas was N2, O2 + N2, and O,
respectively. The porosities of Y203 films were 16.1%, 12.0%, and 5.0% when
carrier gas was N2, Oz + N2, and Oo, respectively. These results indicated that the
carrier gas used has an effect on the decomposition and oxidation of the complex.
The chemical reaction of EDTA M H (M: metal species) can be represented by Eq.
(2). InEq. (1), For an instance, EDTA Er H reacts with O, to form a Er>Oz film.

2EDTA -Er -H + 240, — Er03 + 20CO2 + 13H20 + 4NO2

Hence, EQ. (1) confirms that, by varying the carrier gas used, the properties of the
deposited film can be changed. Denser metal oxide films can be formed by
supplying higher amounts of thermal energy to the metal oxide particles. Bae et al.
reported that a higher thermal energy resulted in films with lower porosities [20]. In
this study, the temperature of the in-flight metal oxide particle obtained from the
decomposition and oxidation of EDTA £r H complex were 2400 T in 02,2300 T
in O2 + N2 and 2290 <C in N». The thermal energy of the particles can be calculated

as shown below [21]:

Q =mcT

where Q is the thermal energy (J), m is the weight of sample (kg), c is the specific

heat capacity of the material (kJ/(kg K)), and T is the temperature (K).

This equation suggests that higher the temperature, higher would be the thermal
energy. Table 2-3, 2-4, 2-5 shows temperature and velocity of in-flight particles in
each metal oxide film synthesis with EDTA-Er-H and EDTA <Y H complexes,
spray conditions with different flow rates and size of EDTA-Er-H powder, as well
as the cross-sectional porosities of deposited films. Nozzle-substrate distance

was 150 mm. Higher the temperature of in-flight particles, denser microstructure
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was formed. The reaction process that takes place when the metal-EDTA complex
is introduced into flame. First, the precursor melts and thermally decomposes,
resulting in the production of the gases CO2, H20, and NO>. Then, metal ions
are released from the chelating ligand. Next, the metal oxide particles are formed
and undergo rapid cooling. These cooled particles then solidify rapidly [22,23].
Hence, the densest metal oxide film was obtained using O> as the carrier gas
because the temperature of the in-flight particles was the highest in this case. The
precursor melting rate in H>-O2 flame would be higher in O, than that of in N2. The
obtained TG/DTA profiles indicated that the choice of the carrier gas
determined the decomposition temperature of EDTA Er H, which decreased to
365 T in O2 + N2 from 420 T in Na. In addition, the TG/DTA profiles suggested
that an exothermic reaction occurred in Oz + N2 while an endothermic reaction
took place in the N2 atmosphere. In the O. + N2 atmosphere, the exothermic
reaction involving EDTA Er H occurred owing to the oxygen present. In contrast,
the endothermic peak indicated that a self-decomposition reaction occurred in the
N> atmosphere. Hence, the use of O as the carrier gas resulted in the synthesis of

dense films with improved microstructures.

Table 2-3 Temperature and velocity of in-flight particles in each metal oxide

film synthesis with EDTA-Er-H and EDTA <Y H complexes, and cross-

sectional porosities of deposited films. Nozzle-substrate distance was 150 mm.

Mari | Catr | Il gl | g0
Na 2290 99 23.4
EDTA - Er - H Air 2300 96 5.9
0)) 2400 90 3.0
No 2330 100 16.1
EDTA - Y - H| Air 2330 99 12.0
0, 2570 100 5.0
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Table 2-4 Temperature and velocity of in-flight particles in each metal oxide film

synthesis with different flow rates of EDTA £r H complexes in the carrier gas Oa,

and cross-sectional porosities of deposited films. Nozzle-substrate distance was 150

mm.
.. Particle Particle o
Conditions temperature('C) | velocity(m/s) Porosity(%)
Flow rates | 10 g/min 2610 115 8.3
of powder | 20 g/min 2400 86 17.3

Table 2-5 Temperature and velocity of in-flight particles in each metal oxide film
synthesis with various size of EDTA Er H complexes in the carrier gas O, and cross-
sectional porosities of deposited films. Nozzle-substrate distance was 150 mm.

N Particle Partigle Porosity
Conditions temperature | Velocity %)
(©) (m/s)
Unscreened| 2530 87 5.9
Raw 45 ym pass| 2660 104 4.4
material size 53 ~ 45 um| 2660 97 4.2
75 ~ 53 um| 2580 94 4.6
75 um on 2590 90 3.1

2.4 Conclusions

Dense metal oxide films with a cross-sectional porosity of 3% were synthesized

from a metal-EDTA complex using a commercial flame spraying apparatus. Oz,

air (O2 + N2), and N2 were used as the carrier gases, in order to investigate the

effects of the carrier gas on the properties of the deposited films. By varying the

carrier gas, the cross-sectional porosity of the deposited metal oxide films could be

varied from 3.0% to 23.4%. It was found that O2 was the better carrier gas for

fabricating dense metal oxide films at low costs by the synthesis.
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Chapter 3

Analysis of cross-sectional structure of metal oxide films

deposited using chelate flame method

Abstract

The chelate flame spray (CFS) method is an inexpensive flame spray technique with
low energy consumption used to deposit rare earth erbium oxide (Er203) films with Er-
ethylenediaminetetraacetic acid (EDTA-Er-H) complexes of various particle sizes as
the raw material. To investigate the cross-sectional structures of the ErOs3 films,
substrates of different common materials, i.e., quartz glass, stainless steel (304), and
aluminum-magnesium alloy (A5052), were selected. We found that in the CFS
deposition process, EDTA-Er-H was decomposed, oxidized, and melted in the flame to
form molten Er,O3 particles, and Er,Os films with an average thickness of 9.7-13.5 um,
cross-sectional porosity of 1.6-4.9%, and crack numbers of 29-51 were deposited on
quartz glass. Oxide films with 7.6-14.3 um thickness were synthesized on an aluminum-
magnesium alloy (A5052) substrate. The cross-sectional porosity and microcrack
numbers of these films were 5.2-6.9% and 10-20, respectively. In addition, to observe
the Er,Oz film stacking structure more clearly, we screened the powder raw materials
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to make them uniform. The results of this study enable the design of a ceramic film
microstructure that reduces cracks in the ceramic film, thereby increasing the

application potential.

3.1 Introduction

The microstructures and properties of thermally sprayed ceramic coatings have been
extensively investigated due to their potential benefits in broad thermal barrier coating
applications and sliding wear applications [1-4]. Atmospheric plasma spraying (APS)
and high-velocity oxi-fuel (HVOF) spraying are commonly thermal spray methods that
due to the high-temperature (15000-20000 K) and high speed of spray particles [5].
However, high energy consumption and large-scale installation requirements limit the
further application of these methods [5—7]. Thus, there is a pressing need for spraying
techniques with low energy consumption to be developed. Recently, metal-
ethylenediaminetetraacetic acid (EDTA) complexes have been used to synthesize metal
oxide coatings using a new flame spray method [8-10] called the chelate flame-spray
(CFS) technique. In the CFS process, the raw materials of metal-EDTA complexes are
placed into a feed unit and transported by flowing carrier gas (N2 or O>) to the spray
gun. Then, the gas-solid mixture is introduced into a CoH>-O2 or H2-O2 flame and
reacted with oxygen after the thermal decomposition of EDTA. Thereafter, the melting
particles are sprayed onto a substrate at high speed to deposit ceramic oxide films [9].
In a previous study, we discussed the effect of the starting material state (molecularly
or mechanically mixed) and carrier gases (N2, air, and O2) on the oxide films by CFS
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process [10,11]. After the porosity of the metal oxide coating was effectively controlled,
a preliminary investigation of thermal shock properties was reported [8]. In the follow-
up study, we successfully synthesized the YOz films on an aluminum alloy(A5052),
and the joining showed strong adhesion without delaminations [9].

Cracks in microstructures are key to determining the mechanical behavior and
thermal shock resistance of coatings [8,12,13]. In thermal spray processing, after the
raw materials are melted using a high-temperature flame, they are deposited onto the
substrate and instantaneously transferred from the molten state to the solid state. During
this process, stress is generated on the other side, which causes cracks in the solidified
particles [14]. Coatings, such as thermal barrier coatings (TBCs) (1273-3273 K), which
are one of the most important coating types [15,16], are applied in extreme
environments. Under these conditions, Valarezo et al. made thick yttria-stabilized
zirconia (YSZ) films via APS with rapid deposition [13]. They evaluated the effect of
the inter splat and the inter pass interface stress on the microstructure of the ceramic
film. Other research has reported the strain tolerance behavior of APS-YSZ coatings
[15-19]. The results suggest that an effective reduction in the stress of the molten metal
oxide during the solidification process will effectively reduce the occurrence of cracks.
Unfortunately, in Valarezo’s research, the results of substrates with different types for
ceramic film structures were not systematically tested.

In this work, two series of experiments were performed to study the cross-sectional
structure of Er,O3 coatings deposited by a CFS method. Scanning electron microscopy
(SEM) and image analysis software (ImageJ, SmileView) were used to analyze the
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crack formation mechanism of Er.Os coatings. First, Er.O3z coatings were sprayed on
substrates with different materials, i.e., quartz glass, stainless steel (304), and aluminum
alloy (A5052). The Er.0O3 coating particle state and influence of the substrate thermal
conductivity on the coatings were evaluated. Er,O3 coatings were prepared with various
particle sizes of the EDTA Er H raw material, and the effect of the raw material size

on the cross-sectional structure of these coatings was investigated.

3.2 Experimental details

As mentioned above, the EDTA precursor powder is complexed that was
decomposed at approximately 673K [10], the structure of the EDTA metal complex is
shown in Fig.3-1. The EDTA complex powders, EDTA £r H (Chubu Chelest Co., Ltd)
was used for synthesizing the Er.Os films in the chelate flame spray (CFS) process. To
obtain various sizes of the raw material, sieves (Kansai Wire Netting Co., Ltd.) with
mesh sizes of 75 um, 53 pum, and 45 um were vertically stacked, and the unscreened
raw material was passed from the top, as shown in Fig. 3-1a. Including the unscreened
cuboid EDTA E£r H powder, five raw material particle sizes, i.e., unscreened (Fig. 3-
1b), 75-um-on (Fig. 3-1c), 53-um-on (Fig. 3-1d), 45-um-on (Fig. 3-1e), and 45-um-
pass (Fig. 3-1f), with the average particle size of 67.89, 82.37, 63.37, 54.71, and 42.26
um, respectively, were selected for the experiments. For the substrates, quartz glass,
stainless steel (304), and aluminum alloy(A5052), with thermal conductivities of 1.38,
16.7, and 137 W/(mK) at room temperature [20,21], respectively, were selected because
they are commonly used and ideal substrate materials. Except for quartz glass (DAICO
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MFG Co., Ltd.), which was directly purchased in a disc shape of T x (25)? x5 mm?, the
substrates were simply processed into areas of 30 x50 %1 mm?3 for the rectangular
shape stainless steel substrate (304 Ni-Cr-Mn-Si-C) and 100 <100 %10 mm? for the
square shape aluminum alloy substrate (A5052 Al-Mg, Fuji Manufacturing Co., Ltd.),
as shown in Table 3-1. All substrates were blasted with #60 alumina grit (purity of
99.7%, particle size of 212-250 um, Fuji Manufacturing Co., Ltd.) for 1 min at a
pressure of 0.6 MPa and then ultrasonically precleaned with acetone for 5 min twice

before each deposition process

Figure 3-1 The powder state of raw material EDTA-Er-H, (a) the stacking state of
sieves; SEM images of the raw materials (b) unscreened, (c) residual on the 75-um
sieve, (d) residual on the 53-um sieve, (e) residual on the 45-um sieve, and (f) passed
through the 45-um sieve. Their average particle size values were 67.89, 82.37, 63.37,

54.71, and 42.26 pum, respectively.
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Table 3-1 substrate properties used in the thermal spraying.

. . Coefficient of Thermal
Size Thickness . ..
Substrate (mm?) (mm) thermal expansion conductivity
(10%k@ 273K) (W/(mK))
Quartz glass nX(25)* 5 0.5 1.38
Stainless steel
(304) 30X50 1 17.6 16.7
Aluminum alloy

(A5052) 50X50 10 238 138

A flame-spraying apparatus consisting of a feed unit (SMPE, Sulzer Metco) and a
spray gun (6P-I1, Sulzer Metco) was used to perform each spraying. EDTA £r H was
placed in the feed unit and transported by a carrier gas O» with a measured powder feed
rate of approximately 5 g/min to the spray gun. The carrier gas flow rate was set at 7.1
L/min. The flow rates of the combustion gases, H2 and O, were set to 32.6 and 43.0
L/min, respectively. The distance between the spray gun and the substrate (nozzle
substrate distance) was set at 150 mm. The gun traverse rate was 50 mm/s; thus, the
spray nozzle was moved in a longitudinal direction, next each pass of the flame moving
over the whole substrate was within 1-2 s, as shown in Fig. 3-2 During the spraying
process, the temperature of the flame was approximately 2773-3273 K, resulting in a
substrate temperature over 493 K [22]. Thus, after 2 scans, the sample was allowed to
cool for 5 min. An infrared camera (Accura Spray-G3: Tecnar) was used to measure
the velocities and temperatures of the particles during and after the deposition process.

All samples were subjected to 4 scans with a cooling interval of 5 min after 2 scans.
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Figure 3-2 Schematic of the film deposition setup for EDTA-Er-H complexes on

various substrates.

X-ray diffraction (XRD) analysis was performed to observe the crystal structures
of the deposited films. The XRD measurements (MO3XHF22, MAC Science) were
taken on an instrument with a Cu Ka X-ray source and wavelength of 1.54 A operated
at 40 kV x 40 mA in the scan range of 20=10-80° with a step size of 0.02°. The surface
and cross-sectional morphologies of the samples were observed using field-emission
scanning electron microscopy (FE-SEM) (JSM-6700F, JEOL) under an acceleration
voltage and irradiation current of 5 kV x 8 pA and 12 kV x 20 pA, respectively.
Secondary electron and backscattered electron(compositional) images of the deposited

films were acquired. The porosity was measured by digitizing the obtained SEM images
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using commercial software (ImageJ). Next, the thickness is average thickness of 20
transverse section in the whole image and repeat 3 times. And then, the porosity was
estimated from area ratio of film in the image [23]. The Er203 film’s microstructure of
the deposited on different substrates were analyzed as follows. Firstly, each obtained
COMPO image was digitized using ImageJ. Secondly, the number of cracks, crack
lengths, and crack areas were measured from the digitized (Black-White) image.

Furthermore, number of cracks per unit area was estimated using the following equation

2):

Number of cracks per unit area(number) _ Number of cracks in the deposited film
p pixels " Areaofthe deposited films excluding pore voids
(number/um?). 1)

3.3 Results and discussion
3.3.1 Characterization of Er2O3 coatings on different substrates

Fig. 3-3 shows the XRD patterns of the ErO3 coatings deposited on the three
substrates. The peaks in the XRD profiles were assigned using the International Centre
for Diffraction Data (ICDD) cards as references. In Fig. 3-3a—c, the unscreened
EDTA Er-H films deposited on quartz glass, stainless steel (304), and aluminum alloy
(A5052) exhibited cubic and monoclinic Er;Os crystalline phases. Er,O3 exhibits three
structural polymorphisms: cubic, monoclinic, and hexagonal, which are commonly
known as C-, B-, and A-type structures, respectively [11]. Hence, the substrate has no

effect on the crystal structure of the deposited coatings.
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Figure 3-3 XRD patterns of coatings deposited from unscreened EDTA Er H onto

blasted substrates of (a) quartz glass, (b) stainless steel (304), and (¢) aluminum alloy

(A5052).

Fig. 3-4 shows surface SEM images of Er,O3 coatings deposited from unscreened
EDTA-Er-H onto the three blasted substrates. Flattened and spherical particles
approximately 1-20 um in diameter were observed in all sprayed coatings. The coatings
deposited on the quartz glass, a number of spherical (i.e., not flattened) particles, disc
particles and pores were also observed. Further, even though small spherical particles
with sizes of approximately 1 pm was also seen in the ErO3 film synthesized on
stainless steel (304) substrate. Finally, a large number of flattened and small-particles

size spherical were seen in the Er,O3 film deposited on aluminum alloy(A5052). When
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quartz glass was used as the substrate, the degree of flatness was the lowest, with
spherical particles also being observed, as shown in Fig. 3-4a. In contrast, Particles with
the highest degree of flatness (or splatting) were observed in the Er>Os film obtained on
the aluminum alloy(A5052), for which flat Er,O3 particles were deposited, as shown in
Fig. 3-4c. Additionally, cracks were clearly observed in the coatings deposited on the
quartz glass, as shown in the area highlighted by the arrow line in Fig. 3-4a;, while the
other coatings showed no significant cracks in the surface SEM images. Thus, the
choice of the substrate causes difference in the surface morphologies of the deposited
ErOs films. Perhaps due to temperature sensitivity of the films deposited on the
different materials, such as aluminum alloy metal, the resulting deposited coatings

appear significantly different.

(a)

Figure 3-4 SEM images of the surface of the coating deposited from unscreened
EDTA Er H onto blasted substrates of (a) quartz glass and (ai1) magnification image,
(b) stainless steel (304), and (c) aluminum alloy (A5052). Cracks were clearly observed

in the area of the dotted line.
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To further investigate the differences in the Er,O3 coatings deposited on different
substrates, we analyzed cross-sectional SEM and digitized (Black-White) images of
these coatings, as shown in Fig. 3-5. The images clearly show the deposited state of the
splattered particles and can be used to accurately estimate the cracks in the Er.0s
coatings. Numerous cracks were found in the coatings deposited on the quartz glass
substrate. The number of cracks in the coatings deposited on the stainless steel (304)
substrate was less than that on the quartz glass substrate, the film deposited on the
aluminum alloy (A5052) substrate had the least the number of cracks. An extensive flat
coating structure was observed. Table 3-2 shows the values estimated from the
digitized (Black-White) images of the average thickness, porosity, number of cracks,
average crack length, and number of cracks per unit area for the Er.Oz coatings.
Through a comparison of these results, we found that the number of cracks, average
crack length, and number of cracks per unit area was the lowest for the coatings
deposited on the aluminum alloy (A5052) substrate, although its coating deposition rate
was the highest of the three substrates. Additionally, the coatings on the aluminum alloy
(A5052) substrate showed a lamellar structure, but the coatings deposited on the quartz
glass and stainless steel (304) substrates were quite different, showing a dense structure.
The difference in structure may be the reason why the porosity of the coatings on the
aluminum alloy (A5052) substrate was highest.

As mentioned above, during thermal spray processing, after the raw materials are
melted by a high-temperature flame, they are deposited onto the substrate, where they
instantaneously transition from the molten state to the solid state, generating stress on
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the other side and causing cracks in the solidified particles [24,25]. Additionally, we
found that the number of cracks and average crack length of the coatings will be reduced
as the thermal conductivity increases, and the solidification time of molten particles on
the substrate decreases [26]. Due to the increase in stress relaxation and the decrease in

coating thickness, the particles will be flatter.

(a) (b) ©
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Figure 3-5 Cross-sectional SEM (a, b, and ¢) and digitized(Black-White)images (d, e,
and f) of coatings deposited from unscreened EDTA Er H onto blasted substrates of
quartz glass (a and d), stainless steel (304) (b and e), and aluminum alloy (A5052) (c

and f).
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Table 3-2 Values of estimated average thickness, porosity, number of cracks, average
crack length, and number of cracks per unit area in Er,Oz coatings deposited from
unscreened EDTA Er H onto blasted substrates of quartz glass, stainless steel (304),

and aluminum alloy (A5052).

Average Cross-sectional Average Number of cracks
. . Number :
Substrate thickness porosity of cracks crack length per unit area X 1073
(um) (%0) (um) (number/pm?)
Quartz glass 13.5 2.0 39 1.2 59
Stainless steel
. . . 31
(304 12.7 3.7 20 1.3
Aluminum alloy
: . . 2.0
(A5052) 14.3 6.9 13 1.0

3.3.2 Characterization of Er.O3 coatings with various size of raw materials

Fig. 3-3 showed the XRD patterns of Er.O3 coatings deposited on the quartz glass
and aluminum alloy (A5052) substrates. The samples can be identified using ICDD
card Nos. 00-008-0050 (cubic Er>O3 phase) and 01-077-6226 (monoclinic Er,O3 phase)
without any significant differences. The raw material particle size had no obvious effect
on the phase structure of the Er,O3 coatings.

Figs. 3-6 and 3-7 show the coating surface, with Fig. 3-6 showing SEM images of
the Er2O3 film coatings deposited on the quartz glass and the Fig. 3-7 showing the
coatings on aluminum alloy (A5052). Each top column shows a different powder size.
The Er03 coatings deposited on quartz glass had flattened spherical particles. A
number of spherical (or lowest degree of flatness) particles were observed for particle
size 75-um-on, and cracks occurred on the coating surface, as shown in the arrow line
in Fig. 3-6(b). The coatings deposited from the raw material with a particle size of 53-

um-on still had cracks that can be discerned in the surface SEM image, but as the
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particle size of the raw material decreased, the area of the flattened particles also
decreased, and no obvious cracks were present in their surface SEM images(Fig. 3-6(c)
to (e)). In addition, spherical particles approximately 1-4 um in diameter were observed
in surface images Fig. 3-6(b) to (d)). We found that for the same raw material particle
size, the extent of the flattened particles in the Er>O3 coating deposited on aluminum
alloy (A5052) was greater than that on the quartz glass substrate, especially for 75-pm-
on particles, as shown in Fig. 3-7(g). Additionally, the coating with unscreened and a
raw material size of 75-um-on had a crack in its surface SEM images. Further, more
small-particles spherical with a size of below 0.1 pm in diameter were also seen on the
coating surface, as shown in the area highlighted by the dotted line in Fig.3-7(f), (i),
(). In contrast, the presence of small-particles size spherical in surface images (Fig.3-
7(g),(h)) after screening was not significant. Thus, the comparison of the SEM images
of the ErO3 coating surfaces indicated that significant differences in the size of the
spherical particles. In general, the reason why the solidification speed of the molten
droplets on substrate (or different substrates) is different, resulting in different degrees

of spattering of the accelerated droplets.
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Figure 3-6 Surface SEM images of coatings deposited from unscreened (a), 75-pm-on
(b), 53-um-on (c), 45-um-on (d), and 45-um-pass (¢) EDTA £rH onto blasted

substrates of quartz glass. Cracks were observed in the area of the dotted line.

(f) unscreened (g) 75-pum-on (h) 53-um-on (l) 45-um-on (]) 45-um-pass
; . - v ?

Small spherical splashes — 10 um

Figure 3-7 Surface SEM images of coatings deposited from unscreened (f), 75-pum-on
(9), 53-um-on (h), 45-um-on (i), and 45-um-pass (j) EDTA ErH onto blasted

substrates of aluminum alloy (A5052). Cracks were observed in the area of the dotted

line.
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To further investigate the microstructural in Er,O3 coatings deposited on different
substrates with various sizes of EDTA Er H particles, the cross-sectional SEM and
digitized (Black-White) images, as shown in Figs. 3-8 and 3-9, were analyzed. Fig. 3-
8(a) to (b) show the cross-sectional SEM, digitized (Black-White), and particle shape
images of ErO3 coatings deposited on a quartz glass substrate with various sizes of
EDTA E£r H particles. Several micron-ordered Er.Oz layers were confirmed on the
quartz glass substrate. It can be clearly seen in Fig.3-8(digitized images) that the
microstructures of the cracks, pores (layer gap), and columns gap. The large pores and
lone cracks were observed in the Er,Os film deposited using the raw material size of
75-pum-on. Furthermore, it was found that the number of pores in the Er.Os films
synthesized using the raw material of unscreened, screened(53-pum-on, 45-pum-on/pass)
were lower, and the crack length to shorter. Table 3-3 shows the thicknesses, porosity,
number of cracks, average crack length, and number of cracks per unit area of the films.
The porosities were determined by analyzing SEM images of the films. This analysis
method can be used to determine the numbers of both open and closed pores [10]. The
Er20s film obtained using raw material of unscreened had an average thickness of 13.5
pum, porosity of 2.0%, and number of cracks of 39. Next, in the case of raw material to
screened with 75-um-on, 53-pum-on and 45-um-on/pass that the thickness to changes in
9.7-14.2 um, porosity to changes in 1.6-4.9 %, and number of cracks in 29-51. The
Er.O3 film was densified and fewer cracks by screened raw material of 45-pm-pass
when using the quartz glass substrate.

70



Sample SEM images Digitized images Particle shape

(a)

unscreened

(b)

75-pum-on

5‘(',

Columns gap .

(c)

53-pum-on

(d)

45-um-on

(e)

45-um-pass

Figure 3-8 Cross-sectional SEM, digitized(Black-White) and particle shape images of
coatings deposited from EDTA-Er-H onto blasted substrates of quartz glass(a-e). In
each row from top to bottom are the coatings deposited from unscreened, 75-um-on,

53-um-on, 45-pm-on, and 45-um-pass EDTA-Er-H raw materials.
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Figure 3-9 (f) to (j) show the cross-sectional SEM, digitized (Black-White) and
particle shape images of Er.O3 coatings deposited on aluminum alloy(A5052) substrate
with various sizes of EDTA £r H particles. It can be clearly seen in Fig.3-9 to compare
with Fig.3-8 that the films deposited on quartz glass and aluminum alloy(A5052)
substrate are significantly different. The Er,O3 films (all samples) reveal a lamellar
structure deposited on aluminum alloy(A5052) substrate. The Er2O3 films reveal typical
microstructural such as layers, layer gap, and variety of pores, as indicated in Fig.3-9.
Table 3-4 shows the thicknesses, cross-sectional porosities, and number of cracks of
the Er,Os films synthesized on the A5052 substrate. From Tables 3-3 and 3-4, the Er>O3
films deposited on aluminum alloy compared to quartz glass were more porous and
fewer cracks. Furthermore, the built-up structure can be clearly observed, such as
flattened strip with sizes of approximately 3-8 um. In addition, the inner layer and outer

layer particles are almost identical in shape, as shown in Fig.3-9(f) to (j).
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Sample SEM images Digitized images Particle shape

Lamellar structure

()

unscreened | .

(h)

53-um-on

(1)

45-um-on

)

45-um-pass

Figure 3-9 Cross-sectional SEM, digitized(Black-White), and particle shape images of
coatings deposited from EDTA-Er-H onto blasted substrates of aluminum alloy

(A5052)(f-j). (The particle size order is the same as Fig.3-8)
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Table 3-3 Values of estimated average thickness, number of cracks, average crack length,
and number of cracks per unit area in Er,O3 coatings deposited on quartz glass substrate

with various raw material sizes.

. Average  Cross-sectional Number Average Number of cracks
Raw material ) i . s
size state thickness porosity of crack length ~ per unit area x10
(um) (%) cracks (um) (number/pm?)
unscreened 13.5 2.0 39 1.2 59
75-um-on 14.2 4.9 51 1.3 14.5
53-um-on 10.5 2.0 34 1.2 5.2
45-pum-on 9.7 2.1 31 1.1 4.8
45-pum-pass 10.3 1.6 29 1.0 4.6

Table 3-4 Values of estimated average thickness, number of cracks, average crack length, and
number of cracks per unit area in Er>O3 coatings deposited on aluminum alloy (A5052) with

various raw material sizes.

) Average  Cross-sectional Number Average Number of cracks
Raw material . . . 5
size state thickness porosity of crack length  per unit area 10
(um) (%) cracks (um) (number/pm?)

unscreened 14.3 6.9 13 1.0 2.0
75-pum-on 13.9 6.2 20 1.0 3.5
53-pum-on 11.3 5.2 16 1.0 2.9
45-pm-on 7.6 6.4 12 1.0 33
45-um-pass 8.4 6.2 10 0.7 2.8
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3.3.3 Discussion

In section 4.4.1, we deposited Er.O3 coatings on quartz glass, stainless steel (304),
and aluminum alloy (A5052) substrates by the CFS method and analyzed XRD patterns,
and surface/cross-sectional SEM and digitized (Black-White) images. On the basis of
these results, the effects of the substrate on the properties of the deposited films are
discussed below. First, the CFS deposition process, the chemical reaction of
EDTA-M-H (M: metal species) can be represented by Eq. (1) [22,27]. In Eq. (2), for an
instance, EDTA-Er-H reacts with Oz to form a Er,O3 film.

2EDTA-Er-H +24 O = Er0O3+20C0O.t +13H0t +NO; ¢ @)
Through the Eq. (1), the H2-O2 flame and reacts with Oz, and the precursor melts and
thermally decomposes that the production of the gases CO», H20O, and NO». Resulting
in the formation of molten liquid Er.O3 particles that are sprayed onto substrates whose
instantaneous surface temperatures reached approximately 2973 K [6].

Then, the cross-sectional porosities and number of cracks of Er,O; films were 2.0%,
3.7%, 6.9% and 39, 20, 13 when substrates were quartz glass, stainless steel, and
aluminum alloy, respectively. These results indicated that the substrate used has an
effect on the solidification speed and shape of the molten droplet, which explains why
different substrates result in Er,Oz coatings with completely different forms such as
likely rectangle, elliptical and strip. To explain this phenomenon, the following two
point could have happened during the deposition processes. First, a heat transfer effect
due to the thermal conductivity of the aluminum alloy substrate. The solidification is
linked to the heat transfer between the splat impact and the substrate [28]. Then, the

solidification speed affects the degree of flattening because splat cooling depends on
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the heat transfer rate through the initial solidification layer between the wetting range
of both critical lines. However, the inner layer (substrate contact layer) may be affected
by the wettability of the substrate. Furthermore, in the case of uniform particle size, the
effect of the substrate on the top layer and inner layer of the structure of the Er,Oz film
are discussed below.

In section 4.4.2, Er,O3 coatings with various raw material particle sizes were
deposited on quartz glass and aluminum alloy (A5052) substrates. Through analyses of
the surface, cross-sectional SEM, and digitized (Black-White) images, we found that
except for the flatten degree, the spherical particle size is also different in surface
images when substrates were quartz glass and aluminum alloy, respectively.
Furthermore, from Fig.3-8 and Fig.3-9, we can observe that the shape of the particles
deposited in the films are significantly different on quartz glass and aluminum alloy
(A5052) substrates and shape such as likely mountain, rectangle, and strip, respectively.
According to the structure, two effects could have happened during the deposition
processes. First, with respect to thermal spraying, knowing the temperature and velocity
of the in-flight particles is useful for determining their impact behavior, which affects
the particle shape and morphology of the deposited films [29,30]. Table 3-5 shows the
average diameters of raw material particles and the in-flight particle velocities and
temperatures during the CFS deposition process when the nozzle-substrate distance was
150mm. the velocities of the unscreened particles were 87.1m/s, the in-flight particle
temperature was 2803 K, as the particle size decreased, the velocity and temperature of
the particles are 90.3-104.1 m/s and 2863-2933 K, respectively. The thermal energy of
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the particle can be calculated as shown below Eq (3)[31]:

Q=mcT (3)
Where Q is the thermal energy(J), m is the weight of sample (kg), c is the specific
heat capacity of the material, and T is the temperature(K).

This equation suggests that higher the temperature, higher would be the thermal energy.
Therefore, when the molten droplet impact the substrate, on the one hand, it instantly
solidifies (or cooling) to form spherical particles. On the other hand, the solidification
time becomes long, that the droplet splash forms a large number of small particles.
Finally, in cross-sectional images, we can clearly observe that the top, middle and inner
layer have the same particle shape with the strip when the film deposited on aluminum
alloy substrate. On the other hand, when the Er,O3 film deposited on quartz glass, the
particle shape become a polygon with the particle thickness of approximately 3, 4, 3.2,
1.9 and 1.8 um by raw materials of size degree are unscreened and screened with 75-
um-on, 53-um-on and 45-pm-on/pass, respectively. As described in the experimental
result section, the number of cracks are the highest when the films deposited on the
quartz glass substrate. The reason why the fast solidification speed. Thus, in the CFS
process, the thermal conductivity of the substrate can affect the structure of the film,

and the Er,Oz film deposited on quartz glass is the densest.
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Table 3-5 Values of estimated raw material particle average diameters, in-flight particle velocities,

and temperature in the CFS deposition process with a nozzle-substrate distance of 150 mm.

Raw material

Raw material . In-flight particle In-flight particle
. average diameter )
size state velocity (m/s) temperature (K)
(um)
unscreened 67.9 87.1 2803
75-um-on 82.7 90.3 2863
53-pum-on 63.4 94.2 2853
45-pm-on 54.7 97.0 2933
45-pm-pass 423 104.1 2933

3.4 Conclusions

To investigate the effect of substrate type and raw material particle size on the cross-
sectional structure of Er,Os coatings deposited by the CFS method, three common
structural materials with very different thermal conductivities were selected as
substrates, and EDTA-Er-H powder was used as the raw material. Analyses of
photographs, XRD patterns, and surface, cross-sectional SEM, and digitized (Black-
White) images suggested that the coatings contained cubic and monoclinic crystalline
phases of Er,O3 films deposited from fully reacted liquid erbia particles. The coatings
deposited on the aluminum alloy (A5052) substrate showed typical lamellar structures
with few cracks. The densest coatings were obtained on quartz glass. Small, uniform
raw material particles resulted in dense coatings. The CFS method, a new type of flame
spray technique, has great potential for rapidly and inexpensively coating a variety of

engineering materials.
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Chapter 4

Effect of deposition parameters on splat morphology

in chelate flame spray process

Abstract

Splat morphology and its microstructure are of significance to affect the
comprehensive capability of new technology with chelate flame sprayed (CFS) coatings,
the study deals with the quantitative characterization of spreading morphologies of
flame sprayed Er;Os splats directly deposited on mirror polished aluminum alloy
substrate with different spray conditions. The influence of in-flight particle temperature
and velocity, substrate temperature, carrier gas types, and carrier gas ratio on the
solidification mechanism of molten droplets were investigated. In addition, using the
rotation apparatus with 12-hedron, combine the rotation speed to reduce the substrate
temperature. The image analysis methods were employed to identify single splat from
the field emission scanning electron microscope (FE-SEM) morphology. The results
show that the substrate temperature, carrier gas types(N2) and carrier gas ratio has a
significant effect on the flattening and oxidizing behavior of molten droplets. A
spraying method combined with multi-dimensional modes is proposed to control the

morphology of splats.
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4.1 Introduction

Flame spraying, a versatile deposition technology, has now been widely used to
prepare coatings, which is applied on mechanical parts to protect the substrate [1-4].
The protects capability of the coatings depends dramatically on the design of the
structure, such as pores, inter-lamellar cracks, and gap etc. [5,6]. From the
microscopically, the flame spray process to synthesis films is built-up by the amount of
flying molten or semi-molten particles which combine and condensation after impact
synthesizing dense or porous and thin layers or lamellae, it is called splats, that conform
and adhere to the substrate surface. Therefore, the achieved films with desired thickness
and capability are generally deposited by lamellar layers with the number of splats. The
splat shape depends on factors firstly by the raw material of the powder with size [7-9],
and finally, by the flying molten particle conditions such as velocity, temperature, and
spray distance with the substrate [10-12]. For example, partial melting and irregular
depositing of splats generally lead to such blemish as voids and microcracks as the
inter-splat boundaries, which allow poor adhesion between the contiguous splats and
easier splat loosening, results in the deteriorating the mechanical, thermal and chemical
properties of the sprayed coatings [13,14]. Thus, an in-depth studying of splat formation,
its morphology selection, and microstructure development are of the key to design the
comprehensive properties of the sprayed coating.

As we all known, plasma spray(PS) and high velocity oxygen fuel( HVOF) spray
methods are widely used the synthesizes various types of coating, and these spray
method have that the in-flight particles have higher temperatures(10000-15000 K)) and
velocity (550-800 m/s) in the spray process [15,16]. Therefore, it is difficult to take
advantage of these techniques for rapid coating on widely used low melting point metal
substrate, such as aluminum series. Recently, a new spray technique using a metal-
ethylenediaminetetraacetic acid (EDTA) complex has been developed [17]. We call to
“chelate flame spray (CFS)” method in this work. In this CFS process, the metal-EDTA
complexes were placed into a feed unit and transported by flowing carrier gas (N2 or

0») to the spray gun. The metal-EDTA powder was mixed with the C2H»-O» or H»-O>
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flame and reacted with oxygen after the thermal decomposition of EDTA. The reacted
particles were sprayed onto a substrate in a quite-high speed and deposited a micrometer
thickness of metal oxide coating [17]. In the previous study, we have discussed the
effect of starting material states (molecular or mechanically mixed) [18] and carrier
gases (N2, air, and Oy) [19] on the porosity of Yttria-Erbia (Y203-Er203), (Y, Er)20s3,
Y203, and Er O3, respectively. Thus, it is of great significance to systematically study
the morphology of the coating on the low melting point substrate such as aluminum
alloys by the chelate flame spray method.

In this study, scare works are available on developments of splat morphology and
microstructure of chelate flame spraying by the process parameters of the system. And
ErO; splats were synthesized on an aluminum alloy substrate using a flame-spray
apparatus with H»-O» flame. An extensive experimental analysis of the effect of
deposition parameters including raw materials size, powder feed rate, substrate
temperature, carrier gas flow, carrier gas types, and spray-gun to substrate standoff
distance, and then, the results such as circularity, disk-like ratio, and splat particles size
were investigated to reveal the microstructure evolution and splat shape formation

mechanism in chelate flame spray process.

4.2 Experimental

4.2.1 Prepare of raw materials and spray conditions of splat

Fig.4-1 shows the flame-spray equipment for film deposition on the aluminum alloy
(A5052, 50x50x5 mm?®, surface was polished) substrate with the complex of
EDTA(ethylene-diamine-tetra-acetic), EDTA-Er-H (Chubu Chelest Co., Ltd) for a
photograph of the test with fixed. In addition, the substrate surface was cleaned with
acetone for twice and dried in air. A traditional hydrogen-oxygen fuel thermal spray
system consisting of a feed unit (SMPE, Sulzer Metco, Westbury,NY)) and flame-spray
gun (6-P II ,Sulzer Metco) was used to execute splat spraying. A mixture of H, and O
was applied as the flame gas, with flow rates of 70 and 90 SCFH, respectively. To obtain
raw material of the sizes about 45 um, sieves (Kansai Wire Netting Co., Ltd.) with 75

pm, 53 um, and 45 pm, mesh sizes were vertically stacked, and the unscreened raw
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material was passed from the top. We using the size of 45-pum-on and unscreened

EDTA Er-H powder to do the splat tests.

Raw materials

Powder feeder

Al(Al-Mg)alloy:A5052 substrate
(50 x 50 X 5m?)

Spray gun
Sulzer Metco:6P— I

Carrier gas

Distance

Scan of number: 1

Cooling air

H,: 70 SCFH 0O,: 90 SCFH

Figure 4-1 Schematic of the films deposited setup for splat morphologies.

In addition, for the purpose of study the relationship between substrate temperature
and splat morphology, we used the flame-spray apparatus and a 12-side rotation
apparatus that substrate is fixed on it, and the substrate temperature is lowered by
rotation. Then, dig a groove on the reverse side of the substrate and inserted the K-type
thermocouple to measure the temperature at different rotation speeds of the substrate
during the experiment. The thermocouple was combined with a data logger (EL-USB-
TC-LCD, MK Scientific) to receive data of substrate temperature every second interval.

Temperature profiles were obtained in each experiment using analysis software.
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Powder feeder

Raw materials

Al(Al-Mg)alloy:A5052 substrate
(50 x 50 X 5 m?)

—>

Spray gun
Sulzer Metco:6P—11

Rotation
apparatus

+—>

Distance

*
Cooling air
H,: 70 SCFH 0O,: 90 SCFH

Figure 4-2 Schematic of the films deposited setup for splat morphologies.

Table 4-1 to 4-4 lists the carrier gas O2 and N2 used to deposited Er>O3 particles

morphology with changed the parameters (flow rates of powder, flow rates of carrying

gas, distance, rolling velocity, and scan of numbers.) by 45-um-on and unscreened of

raw material EDTA-Er-H powder.

Table 4-1 Experimental conditions of splat morphologies deposited by EDTA * Er « H

with change of flow rates of carrying gas. Carrier gas Oz with sample No. (1) - (4),

carrier gas N> with sample No. (15) - (18).

Flow rates of Flow rates of

Raw . Distance Scanof  Carrier
No. Method material powder carrying gas (mm)  numbers gas
(g/min) (L/min)
1/15 2.4
i ; }g fixed 45 pmon 0.2 3? 150 1 02/ N,
4/18 9.5
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Table 4-2 Experimental conditions of splat morphologies deposited by EDTA * Er

H with change the distance. Carrier gas O» with sample No. (5) - (7), carrier gas N»

with sample No. (19) - (21).

Fl tesof  Fl tesof .. i
Raw oW Taes o OWTARS O Distance  Scanof  Carrier

No. Methed material F;,‘;?ﬁ; cag);l;%n%as (mm)  numbers gas
5/19 100

6/20 fixed 45pumon 0.2 7.1 130 1 02/ Ny
7/21 160

Table 4-3 Experimental conditions of splat morphologies deposited by EDTA - Er H

with change of flow rates of powder. Carrier gas O with sample No. (8) - (11), carrier

gas N> with sample No. (22) - (25).

Flow rates Flow rates of __. .
Distance Scan of Carrier

Raw :
No. Method : of powder carrying gas
material (z/min) (L/min) (mm) numbers gas
8/22 5.0
9/23 10.0
10/24 fixed unscreened 15.0 7.1 150 1 02/ N
11/25 20.0

Table 4-4 Experimental conditions of splat morphologies deposited by EDTA « Er « H

with change of rolling velocity. Carrier gas O with sample No. (12) - (14), carrier gas

N2 with sample No. (26) - (28).

Flow rates Flow rates of Distance ROHlT_lg Scan of  Carrier

Raw .
No. Methol gy O powder camyinggus ) VIO e g
12/26 30
13/27 roll 45 umon 0.2 7.1 150 75 10 02/ N2
14/28 90
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4.2.2 Splat morphology

The splat morphology, microstructure, and composition of the deposited splat were
observed using field-emission scanning electron microscopy (FE-SEM, JSM-6700F,
JEOL, Japan) equipped with an energy dispersive X-ray spectroscopy (EDX, JED-
2201-F, Japan).

The observed surface SEM images were binarized into black and white using ImageJ,
the A5052 substrate was white, and the splat was black. Furthermore, the watershed
algorithm was used for binarized surface SEM images to separate the splat overlap.
Afterward, from the surface images, the circularity of the splat, the ratio of the disk-
like splat having a circularity of 0.6 or more, and the splat particle size (area equivalent
circle diameter) were calculated [20]. The average circularity of splat, the ratio of the
disk-like splat, and splat particle size of the depositing were estimated by over 3 pixels
randomly selected from the surface images. That the standard deviation (SD) of each

value was calculated. The circularity is shown in Eq. (1).
C(Circularity)= ‘Z’—ZA (1)

where A is the area of the splat, P is the perimeter of the splat. Then, the boundary
tracking algorithm is used to determine the boundary determine the boundary from the
image contour obtained by binarizing P with the software ImageJ, and the pixel length
is added. In addition, when the shape of the splat is close to a disk shape, the circularity

approaches one, and the splat that is distorted like the splash has a low circularity.

4.3 Results and discussion

4.3.1 State change of splat with types and flow rates of carrying gas

4.3.1.1 Carry gas types

The parameters expected to affect splat features are in-flight particle temperature. We
measured the surface temperature of the particles that were found to be 2400 and
2290 °C with carrier gases O, and N> in the previous series of experiments[17].

Surface SEM and binary images of Er;Os splats deposited on A5052 substrate by
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changing carrier gas types, as shown in Fig.4-3. It was confirmed that the splat size
deposited with O as a carrier gas was small. By contrast, the splat size was large as
well as many splash-like shaped and porous splats present on surface in N gas, as
shown in Fig.4-3 (ar) and (c1). In addition, through the image processing techniques to
process the Fig.4-3(a) and (b) that are employed to lessen the noise effects and to
improve the contrast and the results as shown in Fig.4-3 (b) and (d). Thus, the splat
circularity, disk-like ratio, splat particle size, and standard deviation (SD) were
calculated from the surface SEM images, as shown in Table 4-5. Furthermore, the
circularity and splat particle size were shown in the column chart of the Fig.4-4 (a) and
(b). From those conditions, in the case of the O as a carrier gas, the circularity and the
ratio of the disk-like shape were higher than those of N. In addition, have a large
number of splat particle size were less than 15 um using the O; as the carrier gas, and
the average value was found to be about half of that using the carrier gas of No.
Furthermore, the splat particle size has a wide distribution in column chart of the

Fig.4-4 (b) using the No.

Figure 4-3 Surface SEM images of Er,O3 splats deposited on A5052 substrate by
changing carrier gas. O2: Sample (3), N2: Sample (17). (a), (¢) SEM images, (a1), (c1)

enlarge images, (b), (d) binary images.
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Frequency (%)

Table 4-5 Results of Er>O3 splats deposited on A5052 substrates with different carrier

gas flow rates.

Carrier gas Circularity Disk-like ratio Splat particles size
& /SD (-) / SD (%) / SD (um)
02 0.70 /0.02 72.7 /7.2 10.6/0.3
N 0.64/0.01 47.0/9.4 18.1/0.7
35 N, (Sample (17)) (a)| 60 N, (Sample (17)) (b)

301 n— O, (Sample (3)) 50 I O, (Sample (3))

Frequency (%)

P S

0.3 04 0.5 0.6 0.7 0.8 0.9 1.0 5 10 15 20 25 30 35 40 45

Circularity Splat particles size (um)

Figure 4-4 Results of Er;0O3 splats deposited on A5052 substrate by various carrier

gases (02, N2): (a) Splats circularity (b) Splats particle size.

Compared to carrier gas of O, the ratio of disk-like shape decreased and the splat
particle size increased in N». The reason is thermal decomposition and oxidation
reaction of the EDTA metal complex used as a raw material. For instance, EDTA- M-
H(M: metal species) reacts with O> to form the metal oxide film by Eq.(2).
2EDTA- M- H+240,—M203+20CO2+13H,0+4NO> (2)

Therefore, it is considered that when the carrier gas is changed from O> to N>, the
reaction process is inhibited, the thermal energy of flying particles decreases, and the
particle temperature decreases. On the other hand, it has been reported that the splat
shape is affected by the thermal conductivity of the substrate. From this research, the
thermal conductivity of the substrate is high, it(depositing splat) freezes quickly before

the splats are formed, and resulting in a splash-like shape [21]. It’s worth noting that
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the splats are deposited on metals with high thermal conductivity (138 W/mK), such as
aluminum alloy, the cooling rate of the particles increases. Thus, it means that the in-
flight particle temperature is low, the solidification is semi-solidified at the time of
impacting due to its cooling rate and scatters to form splats having a poor shape such
as a splash. In previous research, it is known that the EDTA metal complexes are
decomposed by endothermic reactions in a nitrogen atmosphere and exothermic
reactions in the air atmosphere to form metal oxides. This may be the reason for the
size of the splat, the carrier gas of O can be shown the main disk-like shape and the N»
can be deposited the many splashes shape. Thus, it is considered that N is likely to

increase the porosity in coatings because of lower flame temperature.

4.3.1.2 Flow rates of carrying gas

Fig.4-5 (1), (2), (4) and (15), (16), (18) shows the surface SEM images of Er,03
splats deposited on A5052 substrate with different carrier gas flow rates of Oz and N,
respectively. In the case of O, splats with a flow rate of 4.7 L/min were found to be
slightly larger, and the same as N». In addition, when the flow rate drops to 2.4 L/min
of Ny, the number of splats decreases. In especially, it was seen that the splats to be
slightly smaller as the flow rate reaches to 9.5 L/min. In N2, deposited the splats size
were larger in all conditions of flow rates compared those with Oz, as shown in surface
images. Next, the circularity, disk-like ratio and splat particle size of these splats with
SEM images were quantified, and the results were listed in Table 4-6. In carrier gas of
O> with different flow rates, the effect on circularity and disk-like ratio are small.
However, it is easier to change the splat particle size in varying degrees, for example,
the splat particles size is 13.2 um at flow rate of 4.7 L/min, that is reduced 10.6 pm at
7.1 L/min and it also to prove why is density films of Er.O3 in this conditions [17].
Comparing the N2 with different flow rates, it was found that as the flow rate increased,
the circularity and the ratio of disk-like shape increased. However, the splat particle
size is reduced. Describes the effect of carrier gas on flying particles and flame, as

shown below Eq.(3) [22]:
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M= MPowder_ 3)

Mjet stream

Where Mg is the powder-to-jet mass flow ratio parameter, Mjet stream 1S the mass flow of
the gases composing the jet stream (g/min), and Mpowder is the powder feed rate (g/min).
This equation suggests that if the value of Mr is large, the load applied to the flame
is large, so that the particle temperature and the particle velocity decrease. In addition,
it is generally considered that if the flow rate of the carrier gas is reduced with the same
raw material feed rate, the Mr increases. This reduces the initial velocity and thermal
energy of the flying particles, thus, resulting in a change in particle morphology of
deposition. Furthermore, as mentioned above, the temperature and velocity of the in-
flight particles were measured at nozzle-substrate distances of different parameters [17].
Same as that method, the temperature and velocity of the in-flight particles with EDTA -
Er + H for each carrier gas and flow rate as a function of the nozzle-substrate distance,
as shown in Tables 4-7 and 4-8. At the nozzle-substrate distance of 150 mm, the
temperatures and velocity were 2620 “C and 102 m/s at the flow rate of 4.7 L/min, and
those were that 2600 “C and 90 m/s at the flow rate of 9.5 L/min. Thus, same as the
nozzle-distance (150 mm), there is a tendency for the particle velocity to increase as
the flow rate decreases. It is considered to be because the Mr of the Eq. (3) decreases
with an increase in the flow rate of the carrier gas O, but the mass flux of the flame
decreases due to the increased flow rate. As we all known, since 80% of air is N, it is
considered that the particle velocity shows the same tendency when it is used as the
carrier gas. The particle temperatures are also found to be lower than carrier gas of O2

and air from previous research [17].
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(18)

= 10 pm = 10 um
Figure 4-5 Surface SEM images of Er.O3 splats deposited on A5052 substrate with
different carrier gas flow rates. Oz(1) / N2(15): 2.4 L/min, O2(2) / N2(16): 4.7 L/min,
02(4) / N2(18): 9.5 L/min.

Table 4-6 Results of samples in which Er>O3 splats were deposited on A5052 substrate

by changing the flow rate of carrier gas.

Flow rates of

No. / carrying gas Circularity Disk-likeratio  Splat particles size
carrier gas (L/min) /SD (-) / SD (%) / SD (um)
(1)/ 02 2.4 0.69/0.02 69.4/29 11.9/0.6
(2)/ 02 4.7 0.70/0.02 72.3/3.4 13.2/1.0
(3)/ 02 7.1 0.70/0.02 72.7/172 10.6/0.3
4)/ 02 9.5 0.68/0.01 69.6/3.0 11.0/0.3
(15) /N2 2.4 0.53/0.00 31.7/8.6 22.5/0.7
(16) /N2 4.7 0.56/0.01 38.1/3.3 234/0.5
(17) /N2 7.1 0.64/0.01 47.0/94 18.1/0.7
(18)/ N2 9.5 0.61/0.01 52.0/1.0 15.5/0.6
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Table 4-7 Temperatures of the in-flight particles with EDTA - Er « H propelled in the

H>-O; combustion gas mixture at different nozzle-substrate distances and carrier-gas

flow rates while using O; as the carrier gas.

Nozzle-substrate In-flight particle

4.7 L/min

9.5 L/min

distance(mm)
Temperature(°C) 2280 2330
1o Velocity(m/s) 129 114
Temperature(°C) 2450 2500
130 Velocity(m/s) 111 109
Temperature(°C) 2490 2500
150 Velocity(m/s) 102 93
Temperature(°C) 2430 2470
1o Velocity(m/s) 90 83

Table 4-8 Temperatures of the in-flight particles with EDTA - Er * H propelled in the

H>-O; combustion gas mixture at different nozzle-substrate distances and carrier-gas

flow rates while using Air as the carrier gas.

Nozzle-substrate

distance(mm) In-flight particle 4.7 L/min 9.5 L/min
10 Temperature(°C) 2700 2730
Velocity(m/s) 140 108
130 Temperature(°C) 2650 2660
Velocity(m/s) 123 100
150 Temperature(°C) 2620 2600
Velocity(m/s) 102 90
170 Temperature(°C) 2510 -
Velocity(m/s) 84 -
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It is clearly seen that the effect of carrier gas flow rate on splats circularity, disk-like
ratio, and splat particle size in Fig.4-6. In this case of O, the circularity and flow rate
change are almost linear (Fig.4-6(a)), that the changes have no significant effect on the
results. An interesting finding is that the ratio is closer to use the N> at 7.1 L/min. In
addition, when using the O» as a carrier gas, the follow rate at maximum (9.5 L/min)
and minimum (2.4 L/min), more smaller size splat on the surface images to increase,
however, more the larger-size splat at 4.7 L/min. The difference is that when N> as the
carrier gas, the splat particle size becomes smaller as the flow rate increases with the
exception of the 4.7 L/min (same as O), as shown in Fig.4-6 (c). Furthermore, the
effect can be appreciated by comparing results circularity and splat particle size in
histograms Fig.4-7 and 4-8. When the gas flow rate decreased, the frequency of which
the 0.7(0.61 to 0.69) and 0.8(0.71 to 0.79) decreased, as well as the splat of 0.6(0.51 to
0.59) tended to increase, in O2. When the N as the carrier gas, which the flow rate 9.5
to 2.4 L/min, the splats with circularity of 0.4(0.31 to 0.39) and 0.6(0.51 to 0.59) to
increase. In addition, as the flow rate increased, the number of smaller splats increased,

and the distribution of the splat particle-sized tended to narrow.
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Figure 4-6 Results of Er,03 splats deposited on A5052 substrates with different carrier

gas flow rates. (a) Splats circularity (b) Disk-like ratio (c) Splats particle size.
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Figure 4-7 Circularity of Er:Os splats deposited on A5052 substrates with different
carrier gas flow rates. (a) 2.4 L/min (b) 4.7 L/min (c) 9.5 L/min.
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Figure 4-8 Particle size of Er,O3 splats deposited on A5052 substrates with different

carrier gas flow rates. (a) 2.4 L/min, (b) 4.7 L/min, (¢) 9.5 L/min.

For this fact, it is considered that the splats with low circularity increased because
the particle velocity increased at the same temperature and the molten droplets scattered
during the impact. And the same result was also reported in the plasma spray system
[21,23]. This indicates that CFS method can be expected to have the same potential for

synthesizing coatings.

4.3.2 State change of splat with nozzle-distance
The surface SEM images of the samples in which Er;03 splats are deposited on the
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AS5052 substrate while changing the distance between the spray-gun and substrate, with
the carrier gas Oz and N>, as shown in Fig.4-9 (5-7), (19-21). Those were found that the
closer the distance from to substrate (distances of 100-160 mm), the more splats, and
the smaller size the splats with both carrier gas O and N>. Compared to Oa, there were
bigger size splats deposited on the substrate. In addition, it turns out that there were
many porous splats with carrier gas O, at distance was 100 mm. However, same as the
distance with O, one of the basic splat types was observed, which the closely ideal
disk-shaped splat with very small irregularities and a high microcrack density by carrier
gas N2, as shown in Fig.4-9(19). They were also classified into the four basic splat types
documented in previous research [24]. Furthermore, the interesting phenomenon can
be observed that is the porous morphology on splat, as shown in Fig. 4-9 (21). This is
the reason why as the spraying distance becomes longer, the hang time of flying
particles increases, resulting in the decrease in particle temperature and the tendency to
form the porous morphology.

Based on the SEM images (Fig.4-9), the splat circularity, disk-like shaped ratio, and
average of splat particle size were calculated, the results listed in Table 4-9(sample (3)
as the comparison value). In the case of O, the percentage of disk-like decreased from
77.3 % to 58.9 %, as the distance to change with 100 mm to 130 mm, and at 160 mm,
the percentage increased to 81.5 %. Except for the spray distance of 130 mm, the
increase of the spraying distance did not significantly change the circularity of the splats
by evaluation results. However, as the spraying distance increases (150 and 160 mm),
the splat particle size becomes significantly smaller (10.6 and 10.7 um). Firstly, particle
velocity and particle temperature in flying decrease with the distance between the
substrate, and then, since the splat particle size becomes smaller as the distance between
the spray-gun and the substrate to longer, it can be considered that the molten particle
diameter(or size) of the flying becomes smaller with the standoff distance [25].
Moreover, the circularity and the ratio of disk-like splats increased at standoff distance
of 100 mm. One reason is that it can confirm splat with convex in the SEM
images(Fig.4-9 (5)), and it may be because the spraying distance is short, resulting in

un-melted splats on the substrate. Finally, in this method, EDTA as the precursor and
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complex with metal to synthesis splat. Thus, it decomposes and oxidizes in the flame,
so there are points where flying particle size is rapidly reduced. It is considered that
small size flying molten particles increase as close to the boundary point (or
decomposition point). Therefore, the amount of smaller size splats can be observed on
the substrate at a standoff distance of 100 mm. From this fact, those could be explained
that the flying molten particle of after decomposed also causes the circularity and the
ratio of the disk-like shape to decrease at standoff distance 130 and 150 mm. On the
other hand, when the N as a carrier gas, it is seen that un-melted splats increase in SEM
images, the circularity and ratio of disk-like shape splat with a decrease to compared
with O». Based on the results, the circularity increases at 150 mm, and decreases at 160
mm. The ratio of the disk-like shape tends to decrease with the standoff distance, but
the splat size tends to become smaller at the standoff distance of 150 mm. In addition,
the splat size increased at standoff distance of 130 mm, the reason why is that the flying
particle size is large that carrier gas O, result in the particle velocity may be faster.
Hence, it melted moderately at 130 mm to deposit the large splash splat on the Al alloy
substrate. Furthermore, it is clearly seen that the number of porous present in splats are
confirmed with marking line (Fig.4-9 (19, 21)). Therefore, when the carrier gas N is

used, it can be said that the porosity can be greatly increased with distance.
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Figure 4-9 Surface SEM images of Er.O3 splats deposited on A5052 substrate with
different nozzle-substrate distance. O2(5) / N2(19): 100 mm, O2(6) / N2(20): 130 mm,
02(7) / N2(21): 160 mm.

Table 4-9 Results of samples in which Er,O3 splats were deposited on A5052 substrate

by changing the nozzle-substrate distance.

No. / Nozzle-substrate Circularity Disk-like ratio Splat particles size
carrier gas distance (mm) / SD (-) / SD (%) / SD (um)
(5)/ 02 100 0.72/0.02 77.3/5.2 13.3/0.2
(6)/ 0 130 0.65/0.02 58.9/5.8 13.1/0.1
(3)/ O 150 0.70/0.02 72.7/7.2 10.6/0.3
(7)/ O 160 0.71/0.02 81.5/5.3 10.7/0.2
(19)/ N2 100 0.63/0.02 56.3/5.5 20.4/0.6
(20) / N2 130 0.60/0.02 52.0/7.2 23.0/1.2
(17)/ N2 150 0.64/0.01 47.0/94 18.0/0.7
(21)/ N2 160 0.59/0.03 45.7/8.2 16.0/2.3
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4.3.3 State change of splat with flow rates of powder
Using the carrier gas of O, Fig. 4-10(8-11) shows the typical morphologies of Er.O3

splats obtained on different powder feed rates at 5 g/min, 10 g/min, 15 g/min, and 20
g/min, respectively. Macro, there was no significant change in splat morphology. In the
case of the N as a carrier gas, it was observed that the number of splats decreased and
the splat size to be smaller as a consistent raise in powder feed rate, as shown in Fig.4-
10 (22-25). Both contrast, the use of different gases with O and N>, there are significant
differences in the morphology of particles and the number of the splats. Table 4-10
shows the temperatures of the in-flight particles at different powder feed rate with 10
g/min and 20 g/min by using the carrier gas Oz, respectively. It can be seen that the
powder feed rate raises from 10 g/min to 20 g/min, the particle temperature and particle
velocity of the flying particles tend to lower. In other words, this can be explained by
Eq (3) shown by F. Fanicchia et al. as the powder feed rate increases with Mpowder, result
in the loading effect to increase. This is the reason why the velocity and the temperature
of particle decreased in this method. Furthermore, the effect of in-flight particle

parameters on particle melting, the equations are as follows [22, 26]:

Jy Qine - dt > Qu @)
T= " (5)
Qine = h(nd,*) (T — T,) — (nd,?)eay(T,* — T,*) (W] (6)
Qu = 31ppdy > (Cp (T = To) + L) [J ] (7)

Where Qi is the heat transferred to the particles during the flight, Qu/ is the heat
required to melt the particle, T is the particle in-flight dwell time, SOD is the standoff
distance, V, is the particle velocity, d,, pp, and C, are the particle diameter, density and
specific heat, respectively, 4 is the convective heat transfer coefficient, T is the flame
temperature at the particle surface, € is the particle emissivity, os is the Stefan
Boltzmann constant, T, and T, are the temperatures of the particle and surroundings,
and T,, Tp and L,, are the particle melting and initial temperature and latent heat of
fusion, respectively. In those equations, assumed, neglecting thermal conduction within

the particle and oxidative phenomena. Thus, when Qi is higher than Qa/, the particles
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in the flame are melted. Those equations suggest that as the powder feed rate increased,
it result in raise the loading effect, next to lower the temperature and velocity of the in-
flight particle, resulting in a drop the heat transferred (Qi»/) and the particle velocity,
which had a negative on splat melting and diffusion. In other words, it can be concluded
that with the powder feed rate increases, the temperature and velocity of the particle to
be lower, as well as the diffusion during splat formation deteriorate. On the other hand,
through the rapid solidifying of the splat according to the thermal conductivity of the
A5052 substrate, it can be expected that the ratio of the splash-like and un-melted
particles or the re-solidified splats will increase because of the deterioration to be worse.
Furthermore, the circularity, ratio of the disk-like, and the splat particle size calculated
from the surface SEM images (Fig. 4-10), as listed in Table 4-11. The results of using
the carrier gas of N> showed that the circularity and ratio of the disk-like tended to
increase with the raise the powder feed rate. Based on the obvious analysis, it is
reasonable to understand that Mpowder and Qins values of the flying particles increase,
result in the each of the temperature to drop, which is not enough to all of the in-flight
particles reach the melting point and decomposition of EDTA-Er-H, it can be
considered that the adhesion rate to lower at the powder feed rate of 20 g/min. Therefore,
it is reasonable to hypothesize that the effect of the powder feed rate and carrier gas
type to EDTAEr-H in this study would design the porous or dense splat, and which can

be expected to improve the mechanical properties by the chelate flame spray method.
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Figure 4-10 Surface SEM images of Er.O3 splats deposited on A5052 substrate with
different flow rates of powder. O2(8) / N2(22): 5 g/min, O2(9) / N2(23): 10 g/min,
02(10) / N2(24): 15 g/min, O2(11) / N2(25): 20 g/min.
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Table 4-10 Temperatures of the in-flight particles with EDTA * Er * H propelled in the

H>-O; combustion gas mixture at different nozzle-substrate distances and powder feed

rate while using O as the carrier gas.

Nozzle-substrate

distance(mm) In-flight particle 10 g/min 20 g/min
10 Temperature(°C) 2600 2200
Velocity(m/s) 230 92
130 Temperature(°C) 2640 2300
Velocity(m/s) 170 90
150 Temperature(°C) 2610 2400
Velocity(m/s) 115 86
170 Temperature(°C) 2550 2420
Velocity(m/s) 85 80

Table 4-11 Results of samples in which Er,Oj splats were deposited on A5052 substrate

by changing the flow rates of powder.

No. / Flow rates of Circularity  Disk-like ratio Splat particles size

carrier gas  powder (g/min) / SD (-) / SD (%) / SD (um)

(8)/ O 5.0 0.66/0.02 65.8/4.6 15.4/1.1

(9)/ Oz 10.0 0.67/0.01 66.8/3.6 16.4/0.4
(10)/ O 15.0 0.70/0.01 71.6/2.1 17.3/0.9
(11)/ 02 20.0 0.67/0.01 65.8/3.0 16.8/0.8
(22) / N2 5.0 0.66/0.01 63.6/2.5 15.4/0.4
(23)/ N2 10.0 0.70/0.02 75.0/2.5 13.6/0.6
(24) / N2 15.0 0.79/0.01 88.5/1.1 11.6/0.4
(25)/ N2 20.0 0.80/0.04 87.9/4.8 10.2/0.2

4.3.4 State change of splat with rotation velocity

Fig.4-11 shows SEM surface images of the obtained sprayed on A5052 substrate with

carrier gas Oz (sample 12, 13, 14) and N» (sample 26, 27, 28) condition. In the previous

study, we used the contact thermometer to measure the temperature of the substrate
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after spraying at 579, 454, 441 K for each rotation speed (30, 75, 90 rpm) [27].

In SEM image analysis, the splat types of the deposited differ significantly (fingering,
splashing, void, microcrack, partially molten, and malformed splats ). For carrier gas
0., a larger flower-shaped depositing pattern and splashing of the particle posterior to
impact that can be observed at rolling velocity is 30 rpm, in Fig.4-11 (12). In addition,
it was found that the particle from flower-shaped to disc splat formed as the rotation
velocity increased with 75 rpm to 90 rpm, as shown in Fig.4-11 (13), (14). On the other
hand, the splat microstructure of the carrier gas N>, which the deposited disc-splat size
is relatively uniform. In addition to the same as carrier gas Oz, the deposited size
becomes smaller as the rotation speed increases. It is clearly to be observed that the
overlapping and microcrack in Fig.4-11 (26). In the case of rotation velocity is 75 rpm,
produced the partially molten in the splats, as shown in Fig.4-11 (27). The long finger
of the splats are clearly observed at higher rotation velocity (90 rpm) are determined
from SEM photos in Fig.4-11(28). The formation could be caused by molten particles
impact in high-speed rotation of the substrate that results in a rotational force for the
deposited splats [28]. On the other hand, splats resulting from freezing-induced
splashing are different in appearance from those that fragmented during impact (Fig. 4-
11(13) and (28)). Thus, molten particles impact the lower temperature substrate and
instant coagulation, and then the occurrence of the irregular periphery is increasing. For
the above phenomenon, the deposited splat size of the carrier gas N> was found to be

greater than the Ox.
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Figure 4-11 Surface SEM images of Er203 splats deposited on A5052 substrate with
different rolling velocity. O2(12) / N2(26): 30 rpm, O2(13) / N2(27): 75 rpm, O2(14) /
N2(28): 90 rpm.

In addition, through the surface images which the degree of circularity, the disk-
ration, and the splat size of the deposited particles under the respective rotation velocity
conditions in the case of carrier gas O and Nz were calculated (Eq.1), as shown the
Table 4-12. From the results of calculated, both carrier gas of O> and N showed a
decrease in circularity and disk-like ration which the 75 rpm rotation condition. In the
case of 90 rpm which these values are increasing. Comparing two carrier gases, it was
found that O> had a higher degree of circularity and disk-shaped while the smaller splat

particle. In addition, both of the gases which as the number of rotations increased, the
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splat size tended to decrease and its concentration in 10 - 15 um, as shown in Fig.4-12.
The column chart of the Fig.4-13 shows the circularity of ErO3 splats deposited on
AS5052 substrates with different rolling velocity. In the case of O», the splats with the
circularity of 0.8(0.7 to 0.79) increased as the rotation velocity increased. It is clearly
seen that the splats having a circularity of 0.9(0.8 to 0.89) increased at rotation
velocities of 30 rpm and 90 rpm. Furthermore, it was obvious found that the splats with
the circularity of 0.6(0.5 to 0.59), 0.7(0.6 to 0.69), 0.9(0.8 to 0.89) increased as the
rotation velocity increased when the N> as a carrier gas. Finally, carrier gas as the O»
had more splats with higher circularity and ratio of small splats, comparting with N».

Furthermore, the distribution of O2 splat particle size was found to be narrow.

Table 4-12 Results of samples in which Er,O3 splats were deposited on A5052 substrate

by changing the rolling velocity.

No. / Rolling velocity Circularity Disk-like ratio  Splat particles size
Carrier gas (rpm) / SD (-) /' SD (%) / SD (um)
(12)/ 02 30 0.72/0.01 77.7/4.0 12.0/0.5
(13)/ 02 75 0.70/0.00 74.3/3.5 10.4/0.4
(14)/ 0Oz 90 0.74/0.02 84.1/7.2 10.2/0.5
(26)/ N2 30 0.70/0.02 69.7/6.4 17.3/0.7
(27)/ N2 75 0.66/0.00 61.8/5.3 14.4/0.4
(28) /N2 90 0.70/0.01 73.1/1.11 13.8/1.8
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The effect of rolling velocity(rpm) with circularity, disk-like ratio and splat particle
size shown in Fig.4-14. The circularity, disk-like ratio decreased with rolling velocity
is 75 rpm, in contrast, it is increased at 90 rpm, as carrier gases with O2 and N». In
addition, it was clearly seen that the splat particle size tended to decrease with the
rolling velocity, as shown in Fig.4-14 (c). The reason why is that can be seen from the
above-mentioned, as the rolling velocity increases with the substrate temperature
decreases. It is also considered that the substrate when the rolling velocity is increased
to reduce the scan time corresponding to the flame, and the substrate temperature during
deposition is also decreased. When the substrate temperature is low that the temperature
gradient between the splat and the substrate increases to effect of the cooling rate
increases. Therefore, when the flying particles impact with the substrate, they solidify
or partially molten before flattening, so that the number of splashing or splats that
cannot be flattened increases. From the above conditions, it is considered that the
splash-like shape increased. As a result, the circularity and the disk-like ration were
reduced at the rotation velocity was 75 rpm. In addition, since the splat particle size has
decrease and it is considered that the re-solidified particle has also increased. At the 90
rpm, the splat particle size further decreased, and the number of re-solidified particles
and non-flat splats increased as well as the circularity was increased on the surface.
Thus, the circularity and the disk-like ratio also increased. Depending on the rotation

velocity, this might be beneficial for the increased porosity of the coatings.
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4.4 Conclusions

In summary, flame spray with chelate raw materials of EDTA-Er-H to sprayed Er2O3
single splats was deposited on the polished Al alloy substrate(A5052) at the various
conditions(powder size, carrier gas types, velocity and temperature of in-flight particle
and substrate temperature ), the effect of those on splat morphology selection and its
microstructure evolution were investigated. Results showed that the EDTA reactivity,
temperature and velocity of the in-flight particle to be changed the splat morphology
(porous, partially molten, splash with long finger, splat size), which is likely due to the
fact that the process of decomposition, oxidation and melting in EDTA-Er-H to limit
droplet spreading after being impacted on the substrate. In addition, compared to the
plasma spray method, the theoretical calculation and experimental observations
presented a good agreement with the chelate flame spray method. Thus, due to
considerable equipment simplicity of the latter technique as compared to the former,
and it can be expected that a new economically viable route combined with the

possibility to designs the various type coatings (porous, dense) in narrow environments.

115



Reference

[1] R.Dhiman, A.G. McDonald, S. Chandra, Predicting splat morphology in a thermal
spray process, Surf. Coat. Technol., 201 (18), 7789-7801 (2007).

[2] J.R. Davis, et al., Handbook of Thermal Spray Technology, ASM Int., 2004

[3] R.B. Heimann, Plasma Spray Coating, Wiley-VCH, 2008.

[4] L. Pawlowski, The Science and Engineering of Thermal Spray Coatings, Wiley,
2008.

[5] L. Zhao, Y. Bai, J.J. Tang, K. Liu, C.H. Ding, J.F. Yang, Han. F Z.H, Effect of
particle in-flight behavior on the composition of thermal barrier coatings, Appl.
Surf. Sci., 286, 184—191 (2013).

[6] J.J. Tian, S.W. Yao, X.T. Luo, C. X. Li, C. J. Li, An effective approach for creating
metallurgical self-bonding in plasma-spraying of NiCr-Mo coating by designing
shell-core structured powders, Acta Mater., 110, 19-30 (2016).

[7] J. Houben, Ph.D. thesis Technische Universiteit Eindhoven, 1988.

[8] A.Syed, A. Denoirjean, B. Hannoyer, P. Fauchais, P. Denoirjean, A. Khan, J. Labbe,
Surf. Coat. Technol., 200 (7), 2317-2331 (2005).

[9] Z.Yin, S. Tao, X. Zhou, C. Ding, J. Eur. Ceram. Soc., 28 (6), 1143—-1148 (2008).

[10] V. Pershin, M. Lufitha, S. Chandra, J. Mostaghimi, J. Therm. Spray Technol., 12
(3), 370-376 (2003).

[11] M. Fukumoto, Y. Huang, J. Therm. Spray Technol., 8 (3), 427432 (1999).

[12] A.McDonald, C. Moreau, S. Chandra, Int. J. Heat Mass Transf., 50 (9—10), 1737—
1749 (2007).

[13] A. Ohmori, C.J. Li, Quantitative characterization of the structure of plasma-
sprayed Al2O3 coating by using copper electroplating, Thin Solid Films, 201, 241—
252 (1991),

[14] Y. Chen, S.R. Bakshi, A. Agarwal, Inter-splat friction force and splat sliding in
plasma sprayed aluminum alloy coating during nanoindentation and micro
indentation, ACS Appl. Mater. Interfaces, 1, 235-238 (2009).

[15] J. G. Legoux, B. Arsenault, L. Leblanc, V. Bouyer, C. Moreau, Evaluation of four

high velocity thermal spray guns using WC-10% Co-4% Cr cermets, J. Therm.

116



Spray Technol., 11, 86-94 (2002).

[16] M. Prystay, P. Gougeon, C. Moreau, Structure of plasma-sprayed zirconia
coatings tailored by controlling the temperature and velocity of the sprayed
particles, J. Therm. Spray Technol., 10, 67-75 (2001).

[17] K. Komatsu, T. Shirai, A. Toyama, T. Iseki, D. Y. Xin, T. Costa, et al.,
Densification of metal oxide films synthesized from metal complexes by flame
spraying, Surf. Coat. Technol., 325, 89-97 (2017).

[18] K. Komatsu, T. Sekiya, A. Toyama, T. Shirai, A. Nakamura, S. Ohshio, I. Toda,
H. Muramatsu, H. Saitoh, Synthesis of (Y,Er);0; films frpm multiple-nuclei
EDTA-(Y, Er) -H complexes by frame spray method, Mater. Trans., 57(1), 70-74
(2016).

[19] K. Komatsu, A. Toyama, T. Sekiya, T. Shirai, A. Nakamura, I. Toda, S. Ohshio,
H. Muramatsu, H. Saitoh, Flame-sprayed Y203 films with metal-EDTA complex
using various cooling agents, J. Therm. Spray Tech., 26, 195-202 (2017).

[20] M.A. Mulero, J. Zapata, R. Vilar, V. Martinez, R. Gadow, Automated image
inspection system to quantify thermal spray splat morphology, Surf. Coat. Technol.,
278, 1-11 (2015).

[21] X. Wei, J. Wang, B. Christopher C., Analysis of EMAA Splats on Glass and Mild
Steel Substrates, J. Therm. Spray Technol., 23(3), 317-324 (2014).

[22] F. Fanicchia et al., Surf. Coat. Technol., 315, 546-557 (2017).

[23] Guoliang Hou et al., Ceramics International, 44, 3173-3182 (2018).

[24] MarkusMutter et al., Surf. Coat. Technol., 318, 157-169 (2017).

[25] Y.N. Tanaka, M.H. Fukumoto, Effect of Spray Distance on Velocity, Temperature
and Flattening Behavior of Sprayed Ceramic Particles, Japan Welding Society, 19
(3), 440-445 (2001).

[26] F. Savkar, P. Siemers, Some recent developments in rapid solidification plasma
deposition technology, in: M. Boulos (Ed.), Workshop Applications, 80—89 (1989).

[27] Y.X. Dan, T. K. Costa, Z. Y. Guo, A. Nakamura, K. Komatsu, H. Saitoh, Thermal
barrier coatings formed by flame spray with metal-EDTA, J. J. Appl. Phys, DOL:

https://doi.org/10.35848/1347-4065/ab9ef6.
117



[28] C.W. Kang, H.W. Ng, Splat morphology and spreading behavior due to oblique
impact of droplets onto substrates in plasma spray coating process, Surf. Coat.

Technol., 200, 5462-5477 (2006).

118



Chapter 5

Heat-shock properties in Y203 films synthesized on

stainless-steel substrate

Abstract

Recently, a new deposition technique using metal—ethylenediaminetetraacetic acid
(EDTA) complex has been developed. In this study, the heat-shock properties of
metal-oxide films synthesized from a metal-EDTA complex were investigated. Y203
films were synthesized on stainless-steel (SUS) substrate from EDTA-Y-H through
the combustion of H>-O. gas. A cyclic heat-shock test was conducted on the
fabricated Y203 films through exposure to the H2-O» flame. The existence of Y203
crystals was confirmed. Surface cracks or damages were not observed inthe samples
after the cyclic thermal test. Although the number of cross-sectional cracks, crack
lengths, and cracks per unit area were increased by the heat shock, delaminations were
not observed in the Y0z films. The results show that the prepared Y»0s films have

high thermal shock resistance and are suitable for use as thermal barrier coatings.
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5.1 Introduction

Recently, the level of desired properties in thermal barrier coatings (TBCs) for
extreme environmental applications has increased [1, 2]. Ceramic coating techniques,
which are applied in aircraft technology, have beenselected for coating on top of TBCs.
Jet engines in aircraft often operate under extreme thermal-shock environments at a
temperature of approximately 1400 <C. Thermal shocks produce many issues; for
instance, cracks are produced by thermal stress in ceramic films. Thermal stress occurs
at grain boundaries with different diameters [3]. Such cracks lead to deformations and
delaminations. Therefore, the accurate control of the microstructure of a ceramic film
is required in TBC techniques. In the thermal-spraying deposition process, melted or
semisolid in-flight particles collide with the substrate or are deposited in the ceramics
layer and splatted. Subsequently, the splatted particles solidify. Consequently, pores
are produced in the region between particles. Pores can be open or closed [4]. Pores
penetrating the deposited layer are open pores. The relaxation of rapid thermal stress
in a deposited film is accomplished by controlling the pores in the film’s
microstructure [5].

Recently, a new deposition technique using a metal—ethylenediaminetetraacetic
acid (EDTA) complex was developed [6-8]. In this technique, metal-EDTA complex
powders are introduced in a commercial flame-spraying apparatus. These complex
powders are decomposed in the flame and forms metal-oxide particles, which are
subsequently deposited on the substrate. Micron-order-thickness metal-oxide films
with 6-15% cross-sectional porosities were deposited on stainless-steel (SUS)
substrates in several seconds [7]. This technique is considered inferior to established
thermal-spraying techniques, such as plasma spraying. Dense metal-oxide films can
be deposited using the plasma-spraying technique. However, the established thermal-
spraying techniques require high costs and large equipment, in contrast to the meta—
EDTA deposition technique. Metal-oxide films obtained through metal-EDTA
deposition are expected to have high thermal shock because of their dense

microstructure. Therefore, the metal-EDTA deposition holds potential as a TBC
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technique in extreme environments.

In this study, the heat-shock properties of yttrium-oxide (Y203) films synthesized
using a metal-EDTA complex with flame-spray apparatus were investigated. Y203 was
selected as it shows high plasma resistance [9]. The crystal structure and microstructure
(surface and cross-sectional) were analyzed for the deposited films. A cyclic thermal-
shock test [10, 11] was conducted to investigate the thermal-shock properties of the
deposited films. The deposited films were exposed to an H—O- flame and the deposited
film’s microstructures were analyzed. Furthermore, the existence of cracks,
deformation, and delamination in the deposited films was analyzed through the

thermal-shock test.

5.2 Experimental

The EDTA complex, EDTA-Y-H (Chubu Chelest Co., Ltd.), was prepared for Y203
film syntheses [6]. A conventional flame-spray apparatus consisting of a feed unit
(5MPE, Sulzer Metco) and spray gun (6P-11, Sulzer Metco) was used to perform
reactive spraying. The EDTA-Y-H was then placed into a feed unit and transported
through Oz gas flow to the spray gun. The carrier gas flow rate was 7.1 L/min. In this
study, hydrogen gas was selected as the fuel. A mixture of H2 and O. was used as the
flame gas. The flow rates were 32.6 and 43.0 L/min, respectively. The EDTA-Y-H
powder was mixed with the flame and reacted with oxygen after the thermal
decomposition of EDTA. The reacted particles were then sprayed onto a stainless-steel
substrate (SUS304, 30 x50 <1 mm) that was previously blasted by #60 alumina grit
(99.7% purity, 212-250 pm particle size, Fuji Manufacturing Co., Ltd.), resulting in
the deposition of a metal-oxide film. The stand-off distance between the spray gun and
the substrate was 150 mm. The deposition duration was 4-10 s. The traverse rate of the
gun was 50 mm/s. Subsequently, the spray nozzle was moved in a longitudinal direction,
and deposition was performed at each area for approximately 6 s without pre-heating

the substrate. For reference, the yield percentage (deposition efficiency) of this
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technique was measured to be approximately 60%.

Fig. 5-1 shows the setup of the thermal-shock test for films deposited from
EDTA-Y-H on the SUS substrate with a photograph of the experiment. The rotation
apparatus, which has the capability to deposit twelve samples at a time, was fabricated
in-house. The mortar was used in the apparatus for rolling. The rolling velocity of the
apparatus was kept within the range of 45-90 rpm by controlling the applied voltage
of a variable autotransformer. To investigate the effects of thermal shock, the rotation
apparatus was constant at only 45 rpm. To define the parameters for the thermal-shock
test, the number of times the sample passed through the flame (number of scans) was
counted. The numbers of scans used were 100, 300, and 500. Furthermore, the
substrate temperature in situ using a K-type thermocouple was measured. First, the
thermocouple was combined with a data logger (EL-USB-TC-LCD, MK Scientific).
Next, the thermocouple was inserted in a hole bored into the substrate and fixed to the
substrate using a bolt to measure the in-situ substrate temperature. Temperature profiles
were obtained in each experiment using analysis software. The maximum substrate

temperatures during thermal-shock tests were measured.

(a) Sample (b)

Spray gun \

Cooling
air

Rotation apparatus

k H;-Oz flame™t

Data logger I Rotation apparatus

K-type
thermo
couple

Figure 5-1 Thermal-shock test for films deposited from EDTA-Y-H complex on
SUS substrate. (a) Schematic diagram of the experiment. (b) Photograph of the

experiment.
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X-ray diffractometry (MO3XHF22, MAC Science) with Cu Ko radiation was used
to observe the crystal structure. The surface and cross-sectional morphologies of the
films were observed using field-emission scanning electron microscopy (FE-SEM,
JSM-6700F, JEOL). Secondary-electron and backscattered-electron (COMPO)
images of the deposited films were acquired. The elements contained in the sample
and their distributions were estimated using energy-dispersive X-ray (EDX)
spectroscopy combined with FE-SEM. The porosity was measured by digitizing the

obtained SEM images using commercial software (Image J).

The heat-shock properties of the deposited films were analyzed as follows. First,
each obtained COMPO image was digitized using commercial software (Image J).
Next, the number of cracks, crack lengths, and crack areas were measured from the
digitized image. Furthermore, the number of cracks per unit area(N) was estimated
from the number of cracks in the deposited film (a) and area of the deposited film

excluding pore voids (A) using the following equation(1) [12]:

N (number/pm?) = a (numberyA (m?). (1)

5.3 Results and discussion

A photograph of the deposited samples is shown in Fig. 5-2. All samples deposited
on the SUS304 substrates appear white [7]. The existence of cracks or delaminations
was not observed. The thermal history during the thermal-shock test using the H>—O>
flame was measured. The maximum temperatures on the SUS substrates were increased
by increasing the scan time. The maximum temperatures were 450.5, 625.5, and
728.5 <C at 100, 300, and 500 scans, respectively. The theoretical combustion-gas
temperature of the H>—O> flame was 2700 <C [13], which is greater than the melting
point of the Y203 crystal of 2425 <C [14]. A difference in thermal expansion coefficients
existed between the SUS substrate and the deposited material. Therefore, volume
expansion stresses can lead to cracks in the coating upon cooling and may cause coating

failure. Harsher conditions in the thermal-cycling test induce higher thermal stress in
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the entire sample. Consequently, many cracks were produced in the deposited films [15].

(a) [l (b) (c)
® @

Figure 5-2 Photographs of films deposited using H>—O, flame with EDTA-Y-H
complex. (a) As-synthesized, (b) after 100 scans, (c) after 300 scans, and (d) after 500

scans
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Figure 5-3 XRD profiles at 26 = 20=70° for films synthesized from EDTA-Y-H on

SUS304 substrates using flame-spray apparatus.

Fig. 5-3 shows XRD profiles of the films deposited on SUS substrates. Crystal
identification was conducted according to the International Centre for Diffraction Data
(ICDD) card revealed that all deposited samples were composed of Y,0s3 crystals with

a cubic structure (ICCD card no. 00-041-1105). The crystal phase in the deposited films
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was not changed by the cyclic thermal-shock test.

Surface SEM images of the deposited films are shown in Fig. 5-4. The surface
morphologies of the deposited films were uneven. Splatted particles and spherical
particles approximately 1-10 pm in diameter were observed. Cracks or damages were
not observed in the samples after the cyclic thermal test. In previous reports, networks
of cracks in deposited films have been expanded by increasing the number of thermal
cycles. The cracks are thought to be produced by in-plane tensile stresses in surface

layers [16-18].

Figure 5-4 Surface SEM images of films synthesized on SUS304 substrates using the
flame- spraying apparatus. (a) As-synthesized, (b) after heat-shock test (100 scans), (c)
after heat-shock test (300 scans), (d) after heat- shock test (500 scans)

Y203 has high thermal stability. Many researchers have investigated the thermal
conduction behaviors of Y203 for application as interlayers [19-21]. Cross-sectional
microstructures were changed by the cyclic test. Cross-sectional SEM and EDX images
of the deposited films are shown in Figs. 5-5 and 5-6, respectively. Metal-oxide layers

with dense microstructure were observed on the SUS304 substrate. The SUS substrate
125



was also observed for any damages. Table 5-1 lists the average thicknesses and 2D
porosities of the deposited films. The thicknesses of the deposited films were in the
range of 8.8-13.5 pm. The 2D porosities were in the range of 5.1-7.2 %. In addition,
the elemental distributions of the Y.Os films were observed using the EDX
measurement. A uniform elemental distribution was observed in the Y20z films. In

addition, any elemental differences caused by the cyclic thermal test were observed.
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Figure 5-5 Cross-sectional SEM images of films synthesized on SUS304 substrates
using flame- spraying apparatus. (a) As-synthesized, (b) after heat-shock test (100
scans), (c) after heat-shock test (300 scans), (d) after heat- shock test (500 scans)
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Figure 5-6 Cross-sectional elemental EDX images of films synthesized on SUS304
substrates using flame-spraying apparatus. (a) As-synthesized, (b) after heat- shock test

(100 scans), (c) after heat-shock test (300 scans), (d) after heat-shock test (500 scans)

Table 5-1 Values of estimated film thickness and cross-sectional porosity of films

synthesized on SUS304 substrates.

Average Maximum Minimum 2D porosity
Sample thickness (pm) thickness (pum) thickness (um) (%)
As- 13.5 17.2 11.4 7.2
synthesized
After the 100 10.0 15.8 53 6.2
scans
After the 300 10.2 14.8 2.6 6.5
scans
After the 500 8.8 13.7 53 5.1
scans
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A distinct elemental boundary between the Y and Fe atoms was observed. Thermal
elemental diffusion was not observed after the cyclic thermal test.

Microstructure behavior during thermal cycling of TBC coatings such as yttria-
stabilized zirconia (YSZ) has been investigated [22-24]. In the present study, we
attempted to observe the detailed microstructure of the deposited Y203 films through
cyclic thermal tests. Fig. 5-7 shows cross-sectional COMPO images of the deposited
Y203 films used for analyzing the detailed microstructure. The deposited Y203 films
had various defects, such as micro-cracks, inter-splat voids, and open pores. Small
structural cracks were observed in all Y203 films. For instance, the existence of many
small structural cracks was confirmed from Fig. 5-6¢. Particularly, vertical
segmentation cracks were observed in the films (Fig. 5-7a). Furthermore, some coarse
cracks horizontal to Y203 layers (Fig. 5-7b) were formed at splat—splat boundaries and
inside the layers. These increase the stress between the Y203 layer and SUS substrate
during thermal cycles, which causes the initiation and propagation of cracks at the
splat-splat boundaries, the Y203 inside, and the Y203 layer/SUS substrate interface.
Although crack structures were observed, through-thickness cracks were not observed

in the Y203 films synthesized with the EDTA-Y-H complex (see Fig. 5-8).
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Figure 5-7 Cross-sectional BSE (COMPO) images of films synthesized on SUS304
substrates using flame-spraying apparatus. (a) As-synthesized, (b) after heat- shock test

(100 scans), (c) after heat-shock test (300 scans), (d) after heat-shock test (500 scans)

Figure 5-8 Examples of cracks in the deposited film. (a) Vertical segmentation crack,

(b) horizontal crack. The COMPO image of the as-synthesized sample was used

The applicability of the Y203 films obtained from the EDTA-Y-H complex as
TBCs was discussed. The Y203 films were formed by the decomposition of the
EDTA"Y-H complex and oxidation. Subsequently, the Y203 particles were splatted

on the SUS substrate, forming Y203 layers. Thermal-stress concentration occurs on
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the grain boundary of Y203 films during the deposition process. As proof of these
phenomena, many exploded Y203 particles were observed in Fig. 5-4d. The stresses
produced many small cracks in the vertical direction, as shown in Fig. 5-6. The small
cracks in the vertical direction occurred in all Y203 films. A decrease in sample
thickness was also observed with increasing number of scans. This phenomenon is
explained by delamination and deformation caused by the local thermal stress on the
Y203 films. As mentioned above, the Y203 films formed from EDTA-Y-H have small
cracks in the surface layers. Therefore, thermal stresses are focused on these small
cracks. Stressed Y203 layers are eventually delaminated or deformed. The heat
capacity of the Y203 films decreased with damage, and the temperature of the SUS
substrate increased with damage. Finally, we attempt to analyze the Y03 films
formed from the EDTA-Y-H complex quantitatively. Quantitative estimation was
performed using cross-sectional COMPO images of the deposited samples. Table 5-
2 lists values of the estimated crack numbers, sizes, and squares per unit area in the
films synthesized on SUS substrates. These values increased after the thermal-shock
test, and the increase was not commensurate with the number of scans. Although
damage on the microstructure of the Y203 films was observed after the thermal-shock
test, the degree of damage was low. The cracks did not progress or form a crack
network. The damage causes viscoplastic deformations and delaminations in the
deposited films. In a previous work, the stress at the tip of a crack located on the
surface was higher than that at a crack located on the deposited layer, as revealed
through simulations [25]. In addition, the presence of quenching stresses and thermal
stresses during the cool down that follows the deposition process was simulated using
a finite element method (FEM) analysis [26]. In the present study, cracks produced
in the deposition process were progressed by thermal stress between the Y203 film
and the SUS substrate. Hence, the heat-shock properties of the Y203 films
synthesized with the metal-EDTA complex using flame- spray apparatus are high.
Therefore, the deposited films are expected to be candidates for next-generation

TBCs.
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Table 5-2 Values of estimated crack numbers, sizes, and squares per unit area in films

synthesized on SUS substrates.

Numbers of Crack’s average | Numbers of crack per
Sample crack length (um) unit area X 1074
(number/pm)
As- 25 1.6 1.27
synthesized

After the 100 33 1.7 2.77
scans

After the 300 29 1.6 1.86
scans

After the 500 26 1.5 1.84
scans

5.4 Conclusion

Y203 films with high thermal-shock resistance were synthesized on SUS substrates
with a metal-EDTA complex as the starting material. The EDTA-Y-H complex and
commercial flame-spraying apparatus were used for the deposition of Y20z films. A
cyclic thermal shock test was conducted using rotation apparatus and H>-O:
combustion gas. Y203 films with 13.5 pm thickness and 7.2% porosity were
synthesized. The maximum temperature during the thermal shock test was in the range
of 450-728 <C. Increases in the number of cracks, crack lengths, and number of cracks
per unit area were confirmed in the thermal-shock test. The delamination of Y03

films was not observed.
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Chapter 6

Heat resistance and adhesion properties of Y03 films

on aluminum alloy substrate

Abstract

Y>03 films were synthesized on an aluminum alloy (A5052) substrate directly using
a flame-spray apparatus with an H>-O> flame. The Y203/A5052 joining was also
annealed under atmospheric conditions. Although the joining was annealed close to the
melting point of the A5052 substrate, the joining showed strong adhesion without
delaminations. The resultant Y>O3; coating exhibits a strong adhesion with the
aluminum alloy substrate. Elemental diffusion in the joining was not observed from
cross-sectional EDX analysis. Directly ceramic film deposition method by a reactive

spraying process was proposed.
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6.1 Introduction

Aluminum alloys have wide applications in automotive and electronic fields [1,2].
They are lightweight materials and display electrical and thermal conductivity, as well
as excellent specific strength, corrosion resistance, and machinability. However, their
low abrasion and heat resistance limits the application of aluminum alloys. Applications
of the alloys in technical parts subject to harsh conditions, such as friction and high
temperatures, are accomplished with the use of surface coatings and modifications.
Anodic oxidation [3], chemical vapor deposition (CVD) [4], physical vapor deposition
(PVD) [5], plating [6], and thermal spraying [7] are the commonly used coating
techniques. Interlayers are applied in ceramic coatings on aluminum alloys (ceramic-
aluminum joining). These interlayers react at high temperatures, forming impurity
phases, which can weaken properties such as the adhesion of the joining. Hence, the
design of the ceramic-aluminum joining interface is important.

A new deposition technique using a metal-ethylenediaminetetraacetic acid (EDTA)
complex has been developed [8-12]. In this technique, the metal-EDTA complex
powders are introduced using a commercial flame spraying apparatus. These complex
powders decompose in the flame, forming metal oxide particles, which are
subsequently deposited on the substrate. Micron-order-thickness metal oxide films with
3%-24% cross-sectional porosities were deposited on stainless steel (SUS) substrates
in several seconds [8-10]. The metal oxide films were synthesized on stainless steel
(SUS) substrate from EDTA*MeH (M=Y>', Er**, Eu’") complexes through the
combustion of H>-O> gas. Recently, it has been found that the carrier gas plays an
important role in determining the thickness and porosity of the resulting films. O, was
found to be the better carrier gas for the fabrication of dense metal oxide films in past
studies.!! In addition, the cooling effects of the substrate, studied using various cooling
units for solidification, were shown to be dominated by the heat of vaporization, not by
these temperatures [12]. Hence, it is expected that dense metal oxide films will be
synthesized on substrates that have high thermal conductivities and low melting points,

such as aluminum alloys.
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In this study, Y203 films were synthesized on an aluminum alloy substrate using a
flame spray apparatus with an H-O; flame. The crystal structures and microstructures
of the deposited films were investigated. In addition, annealing tests were conducted to
prove that direct deposition of the metal oxide film on the aluminum alloys had

occurred.

6.2 Experimental

The EDTA complex, EDTA*Y*H (Chubu Chelest, Mie, Japan), was prepared for the
Y203 film syntheses [8]. Fig. 6-1 shows the experimental setup for film deposition from
the EDTA*Y*H complex onto the aluminum alloy (aluminum-magnesium alloy, A5052)
substrate with a photograph of the experiment. A conventional flame spray apparatus
consisting of a feed unit (SMPE, Sulzer Metco, Westbury, NY) and spray gun (6P-II,
Sulzer Metco) was used to perform reactive spraying. EDTA*Y*H was placed into the
feed unit and transported through an Oz gas flow to the spray gun. The carrier gas flow
rate was 7.1 L/min. A mixture of H> and Owas used as the flame gas, with flow rates
of 32.6 and 43.0 L/min, respectively. EDTA*Y+H powder was mixed with the flame
and reacted with oxygen after the thermal decomposition of EDTA. The reacted
particles were then sprayed onto an aluminum alloy substrate (A5052, 100x100x%10
mm?) that had been previously blasted by #60 alumina grit (99.7% purity, 212-250 um
particle size, Fuji Manufacturing, Fujioka, Japan), resulting in the deposition of a metal
oxide film. The stand-oft distance between the spray gun and the substrate was 150 mm,
the deposition duration was 4-10 seconds, and the traverse rate of the gun was 50 mm/s.
Subsequently, the spray nozzle was moved in a longitudinal direction, and deposition
was performed on each area for approximately 6 seconds without preheating of the
substrate. For reference, the yield percentage (deposition efficiency) of this technique
was measured to be approximately 60%. The blast pressure was varied at 0.2, 0.6, and

0.8 MPa.

136



—EDTA-Y-H |

Powder fccdcrw Carrier gas O, - 7.1 L/min I
Al(Al-Mg) alloy: A5052 substrate

— — (100 % 100 X 10 mm?®)

Carrier gas Spray gun /
0,

Flamg gas

150 mm

Cooling air

|H, : 32,5 L/min O, : 43.0 L/min

Figure 6-1 Schematic of the experiment for films deposited from EDTA<Y<H

complexes on an A5052 substrate.

Atmospheric annealing was conducted for the deposited film using the following
protocol. The deposited film was cut into four test pieces (30x30x10 mm?). Each test
piece was then annealed at 400, 500, and 600°C for 1 hour in atmosphere.

X-ray diffractometry (XRD, M03XHF22, Mac Science, Kanagawa, Japan) with Cu
Ko radiation was used to observe the crystal structure. The surface and cross-sectional
morphologies of the films were observed using field-emission scanning electron
microscopy (FE-SEM, JSM-6700F, JEOL, Japan). Secondary electron and
backscattered electron (compositional) images of the deposited films were acquired.
The elements contained in the sample and their distributions were estimated using
energy-dispersive X-ray (EDX) spectroscopy combined with FE-SEM. The porosity
was measured by digitizing the obtained SEM images using commercial software
(Imagel). First, the thickness is average thickness of 20 transverse sections in the whole
image. The standard deviation of thickness was also estimated. Next, the porosity was
estimated from the area ratio of the film in the image. The heat-shock properties of the

deposited films were analyzed as follows. First, each obtained COMPO image was
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digitized using Image J. Next, the number of cracks, crack lengths, and crack areas were
measured from the digitized image. Furthermore, number of cracks per unit area was
estimated using the following equation: Number of cracks per unit area (number/pixels)
= Number of cracks in the deposited film/Area of the deposited film excluding pore
voids (um?). In addition, EDX line profiles were taken for the deposited films
synthesized on aluminum alloy substrates.

Fig. 6-2 shows the setup used for the cyclic thermal tests for the films deposited from
EDTA*Y*H on the A5052 substrate. The rotation apparatus, which can deposit twelve
samples at a time, was fabricated in-house. The mortar was used for rolling, and the
rolling velocity of the apparatus was kept at 45 rpm by controlling the applied voltage
of a variable autotransformer. To define the parameters for the thermal shock test, the
number of times the sample passed through the flame (i.e., the number of scans) was
counted. The number of scans was 800, and after every 200 scans, the deposited films
were brought back to room temperature. The rotation apparatus, at 45 rpm, was dipped
into a hand-made SUS container (350x240x240 mm?) filled with liquid nitrogen. The
substrate temperature was also measured in situ using a K-type thermocouple. The
thermocouple was combined with a data logger (EL-USB-TC-LCD, MK Scientific) and
then inserted into a hole bored into the substrate and fixed to the substrate using a bolt
to measure the in-situ substrate temperature. Temperature profiles were obtained in each

experiment using analysis software.
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Figure 6-2 Schematic for the cyclic thermal test for films deposited from EDTA - Y -

H complexes on an A5052 substrate.

6.3 Results and Discussion

Photographs of the films deposited using the EDTA*Y*H with commercial flame
spraying are shown in Fig. 6-3. The color of the blasted aluminum alloy substrate was
light gray. This changed to white after the deposition, which is also the color of Y03,
confirming the presence of the films on the aluminum substrate. Photographs of the
films after annealing in atmospheric conditions are also shown in Fig. 6-3. After
annealing, the color of the deposited films was not changed, indicating that the Y203

films were deposited on the aluminum substrates directly, not in interlayers.
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Figure 6-3 Photographs of films deposited using a H>-O> flame with EDTA*Y+H
complexes. (A) before deposition; (B) as-synthesized, (C) after annealing at 400 °Cfor
1 h, (D) after annealing at 500 °C for 1 h, (E) after annealing at 600 °C for 1 h.

To determine the crystalline structures of the deposited films and annealed films,
XRD analyses were performed. Figs. 6-4 and 6-5 show the XRD profiles of the three
films deposited on the aluminum substrates. The peaks in the XRD profiles were
assigned using the International Center for Diffraction Data (ICDD) cards as references.
The presence of a cubic Y203 crystalline phase (ICDD Card No.00-041-1105) was
confirmed in the films formed from EDTA<Y<H. The existence of a Y,03 crystalline

phase was also confirmed in the annealed films. In the Y203-Al203 system, Y4Al2O9
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and YAIOs crystals are known to form at 1200-2000°C [13]. The existence of Y4AI>O9
and YAIO; crystalline phases was not confirmed in the films. Further-more, Y>03/MgO
solid solutions are known to be formed. At over 1500°C (until 2000°C) in Y203-MgO
systems [14]. The presence of MgO crystalline phases was not confirmed in the films.
These results indicate that the Y,O3 films formed from EDTA<Y<*H were deposited on

the aluminum substrate successfully.
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Figure 6-4 XRD profiles for 20 values of 10-90°for the films synthesized on the A5052
substrate compared with ICDD cards for Y4Al209 and MgO crystals, (A) after
annealing at 600°C for 1 h, (B)after annealing at 500°C for 1 h, (C) after annealing at
400°C forl h, (D) as synthesized.
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Figure 6-5 XRD profiles for 20 values of 10-90° for the films synthesized on the A5052

substrate compared with ICDD cards for Y4Al209, Y3Al5012, YAIO;3 crystals, (A) after
annealing at 600°C forl h, (B) after annealing at 500°C for 1 h.

The cross-sectional morphologies and elemental distributions of the films were then
determined using SEM and EDX analyses. The elemental diffusion in the interface of
the Y20Os/aluminum alloy was investigated in detail. Figs. 6-6 and 6-7 show the cross-
sectional SEM and EDX images for the Y203 films deposited on the aluminum
substrates. Several micron-ordered Y203 layers were confirmed on the substrates. Table
6-1 gives the thicknesses and cross-sectional porosities of the Y>3 films; the porosities
were determined by analyzing SEM images of the films. This analysis method can be
used to determine the numbers of both open and closed pores. The as-synthesized
Y20sfilmwas found to have an average thickness of 11.0 u m and across-sectional
porosity of 8.5%. Microstructural changes because of annealing (such as delamination
or deformation) were not observed. From EDX analysis, elemental diffusion of Y, Al,
and Mg atoms in the films was not detected, as shown in Fig. 6-7 After annealing,

segregation of Mg atoms was confirmed at the interface between Y203 and the
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aluminum substrates. In addition, elemental Y atom diffusion to the A5052 substrate
was observed at 600°C. Furthermore, the EDX line profiles at the
Y203/A5052interfaces were measured to investigate elemental diffusion by annealing.
Fig. 6-8 shows the EDX line profile of the Y203 films. Elemental Y atom diffusion was
observed after annealing at 600°C for 1 hour. In contrast, this diffusion was not
observed in the as-synthesized and annealed films at 400 and 500°C for 1 hour. The
melting point of A5052 is 607-649 °C [15]. These results indicate that the synthesized

Y205 films improve the heat resistance of A5052.

Substrate - " Qubstrate

Figure 6-6 Cross-sectional SEM images of the films synthesized on the A5052
substrates, (A) as-synthesized, (B) after annealing at 400°Cfor 1 h, (C) after annealing
at 500°C for 1 h, (D) after annealing at 600°C for 1 h.
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Table 6-1 Thickness and cross-sectional porosities of the deposited film.

Sample Film thickness (SD) Cross-sectional
(pm) porosity (%)
Before annealing 11.0(3.4) 8.5

(as-synthesized)

Annealed at 16.6 (3.7) 8.0
400°Cfor 1 h

Annealed at 14.1 (3.9) 8.3
500 °C for 1 h

Annealed at 16.9(5.0) 8.4
600°C for 1 h

ov ou ovg

Figure 6-7 Cross-sectional EDX images of the films synthesized on the A5052

substrates, (A) as-synthesized, (B) after annealing at 400°Cfor 1 h, (C) after annealing
at 500°C for 1 h, (D) after annealing at 600°C for 1 h.
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Figure 6-8 Cross-sectional EDX line profiles of the films synthesized on the A5052
substrates, (A) as-synthesized, (B)after annealing at 400°C for 1 h, (C) after annealing
at 500°C for 1 h, (D) after annealing at 600°C for 1 h.

To investigate the adhesion of the interface between Y.0O3; and the aluminum
substrates, scratch tests were performed. Fig. 6-9 shows the scratch test results for the
Y203 films synthesized on aluminum alloy substrates. These measured profiles were
divided into three regions, and the breaking and delamination points for the as-
synthesized and annealed Y203 films were estimated, given in Table 6-2 The measured
profiles, and the loads were almost unchanged, showing that atmospheric annealing did
not affect the adhesion of the Y>3 films on the aluminum alloy substrates. These results

indicate that Y203 films have strong adhesion.
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Table 6-2 Estimated breaking and delamination points for deposited films.

Sample Breaking load Delamination load
(kgf) (kgf)

Before annealing 1.5 2.5
(as-synthesized)

Annealed at 0.9 2.7

400°C for 1h

Annealed at 1.0 2.6

500°C for 1h

Annealed at 1.0 2.9

600°C for lh

The direct formation of Y203 layers with strong adhesion properties on the A5052
substrate was confirmed, as seen from the above results. In this study, we also attempted
to verify the physical joining, which is equivalent to the anchor effect of the blasted
substrate [16]. The adhesion property of the joining can be increased by increasing the
roughness of the substrate. Cyclic thermal tests were conducted for the Y,0s3 films
synthesized on the blasted A5052 substrates with different surface roughness values.

Fig. 6-10 shows the surface roughness of A5052 with various blast pressures. By
increasing the pressure, the roughness could be increased. The R, values were changed
to 4.681 from 1.795um by increasing the blast pressures. In contrast, the R, for the non-
blasted (as-synthesized, prepared) A5052 was 0.166 um. XRD measurements indicate
that cubic Y;0; crystalline phases were confirmed in all the deposited films,
independent of the pressure. All films deposited on the A5052 substrates appeared to
be white, and these appearances were not changed after the cyclic thermal tests. The
presence of cracks or delaminations was not observed. The thermal history was
measured during the cyclic thermal tests using the H»-O; flame. Fig. 6-11 shows the
substrate temperature profiles for the deposited films during the cyclic thermal tests.
The maximum temperature was varied between 522, 473, and 488°C by increasing the
blast pressure. The theoretical combustion temperature of the H2-O> flame is 2700°C
[17], which is greater than the melting point of the Y203 crystal at 2425°C [18]. These
results indicate that the thermal histories of the deposited films are not changed by the

blast pressure.
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Figure 6-10 The surface roughness of the A5052 substrates with various blast
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Figure 6-11 Temperature profiles of the films during the cyclic thermal shock tests.
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Fig. 6-12 displays the XRD profiles of the films deposited on the blasted A5052
substrates at various blast pressures. The existence of Y203 crystals with a cubic system
was confirmed. The crystalline phase was unchanged during the cyclic thermal tests at
all blast pressures. The same phenomena were observed on Y203 films synthesized on
stainless steel substrates [10]. The existence of Y4Al2O9 and YAIOs crystalline phases
was not confirmed in the films. Furthermore, Y203/MgO solid solutions were not
present after the cyclic thermal tests. These results suggest that the thermal history
during deposition had little effect on the film crystallinity. Thermal elemental diffusion
phenomenon would be happened during the cyclic thermal tests. Next, we conducted
the qualitatively elemental analysis by EDX mapping. Figs. 6-13 and 6-14 show cross-
sectional SEM and EDX images for the films synthesized on the blasted A5052
substrates at various blast pressures. Metal oxide layers with dense microstructures
were observed on the A5052 substrates. Delamination and deformation of the deposited
films were not observed. The A5052 substrate was also analyzed for damages. Table 6-
3 lists the average thicknesses, 2D porosities, and number of cracks per unit area of the
films. The number of cracks and number of cracks per unit area was increased because
of the cyclic thermal tests. In addition, the elemental distributions of the Y20; films
were observed using the EDX measurements. A uniform elemental distribution was
observed in the Y>O3 films. In addition, macroscopic elemental differences caused by
the cyclic thermal tests were observed; a distinct, macroscopic elemental boundary
between the Y, Al, and Mg atoms was seen. According to previous reports, inter-
metallic compounds of Al and Mg atoms were formed at the interlayer of the enamel
film on aluminum-magnesium substrates by preheating at 410°C [19]. The existence of
such compounds results in low adhesion. In contrast, thermal elemental diffusion in our
films was not observed after the cyclic thermal tests. Although the maximum
temperatures of the cyclic thermal tests were 488-522°C, the Y>Os3 films synthesized on

aluminum-magnesium alloys were not delaminated or deformed.

149



©00-041-1105 Cubic Y,0; AA5052

= Qe o S &
T I v e 0.8 MPa
? ] ® 1._'3. e !L“ ofe
/L 9 9%
_ 0.6 MPa
" @ ]
= ™ Ao ©® S000A of ®
) \ L;ALH,_..“I' iy -
= 0.2 MPa
';'} ® ] ¢ ]
£ P J 040 %aeje o geeem e
= A5052
l A ) \
00-041-1105

10 20 30 40 50 60 70 80 90
2 0 (deg)

Figure 6-12 XRD profiles for 20 values of 10-90°for the films synthesized on the

blasted A5052 substrates at various blast pressures compared with ICDD cards for Y203

crystals.
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Figure 6-13 Cross-sectional SEM images of the films synthesized on the A5052
substrates at various blast pressures, (A, D) 0.2 MPa, (B, E) 0.6 MPa, and (C), (F) 0.8
MPa. (A-C) were taken before the thermal shock test, and (D-F) were taken after the

test.
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Figure 6-14 Cross-sectional EDX images of the films synthesized on the A5052

substrates at various blast pressures, (A, D) 0.2 MPa, (B, E)0.6 MPa, and (C), (F) 0.8
MPa. (A-C) were taken before the thermal shock test, and (D-F) were taken after the

test.
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Table 6-3 Values of estimated film thicknesses, cross-sectional porosities, estimated
crack numbers, and number of cracks per unit area of films synthesized on the A5052

substrates. SD is standard deviation

Blast Thickness Number of cracks Number of czacks per
pressure (pm) unit area X10  (f/pm )
(MPa)
Average SD Average SD Average SD

Before 0.2 22.8 5.4 45 3.8 1.6 0.2

cyclic 0.6 20.6 47 43 3.2 1.7 0.1
thermal

test 0.8 19.7 8.0 47 4.0 1.9 0.5

After 0.2 25.0 5.4 75 9.2 2.5 0.3

cyclic 0.6 25.6 4.5 86 21.5 2.8 0.3
thermal

test 0.8 18.9 2.2 63 7.5 2.8 0.2

As described in the experimental section, the Y203 films with EDTA*Y*H complex
were synthesized directly on the aluminum-alloy substrates with the assistance of an
H>-O; flame. The coefficient of thermal expansion for the A5052 substrate is 23.8x10"
6 K -1 [20]. In contrast, the thermal expansion coefficient for Y205 crystals is 8.19x10°¢
K ! [21], the A5052 substrate coefficient is approximately four times that of the Y>Os
crystal. This large difference in the thermal expansion between the deposited films and
the substrates introduces delamination, peeling, and deformation in deposited films. In
the cyclic thermal tests, the samples were heated close to the melting point of the A5052
substrate (607-649°C) [15]. Hence, the Y203 films synthesized on A5052 form a
ceramic-metal joining with strong adhesion and thermal shock properties. In the
synthesis, the decomposition of the metal-EDTA complex occurred initially; the
decomposition temperature for EDTA*Y*H was 365°C, from a previous study [22].
These complexes were then converted to metal oxides at temperatures of 2310-2380°C
in the combustion flame. Finally, each metal oxide was deposited on the substrate,

followed by a cooling and solidification processes. To explain the formation of a Y203
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layer on the A5052 substrate, two effects could have happened during the deposition
processes. First, a heat transfer effect due to the thermal conductivity of the A5052
substrate. The solidification is linked to the heat transfer between the splat bottom and
the substrate [23]. The solidification affects the flattening behavior because splat
cooling depends on the heat transfer rate through the initial solidification layer between
the wetting range of both critical lines. However, the wetting at the splat/substrate
interface seems to be the most dominant fac-tor with regard to the flattening of the
thermally sprayed ceramic particles. The transition from a splashed to a disk-shaped
splat occurs, and the temperature of which increases with droplet wetting at the
interface. In this report, the wet-ting was not investigated. The other effect to consider
is the heat dissipation effect on substrates, In other words, water produced by an H>-O»
flame with a high heat of evaporation (2250 kJ/kg) can rapidly absorb the heat on a
substrate [24], allowing the joining to be synthesized without interlayers. In the
synthesis, the Y203/A5052 substrate joining occurs through a mechanism combining
physical and chemical joining processes. One prospective joining process is the
chemical joining process between Y203 and MgO at a nanoscale. Thermodynamically,

the below reaction is thought to occur in the aluminum-magnesium alloy,

3Mg+ALO; = 3MgO+2Al

The existence of nano-MgO layers in the A5052 substrate would be responsible for
strong adhesion of the Y203/A5052 joining. In previous studies, it was found that the
MgO layer in A5052 plays an important role for joining in ceramic-aluminum alloys,
revealed by focused ion beam and transmission electron microscopy (TEM)analysis
[25,26]. The nanolayer of MgO would also have an important role in the
Y:20s/aluminum alloy joining formed from the EDTA*Y*H complex. Aside from the
mechanical bonding (the anchor effect) and Van der Waals interaction forces, chemical
bonding was considered as a bonding mechanism of these materials. Hence, a
Y203/aluminum alloy joining with strong adhesion and thermal shock properties was

synthesized without interlayers.
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6.4 Conclusions

Y203 films were synthesized from metal-EDTA complexes on aluminum alloy
substrates directly using a flame-spray apparatus with an H>-O» flame. Atmospheric
annealing was performed to investigate the heat resistance and adhesion of the Y203
films. A cubic Y203 crystalline phase was observed after annealing, while Y4AI>Oo,
YAIQO3, and Y203-MgO solid solutions were not observed. A joining of the Y03 and
aluminum alloy with high thermal durability was obtained. In addition, the strong

adhesion of the Y203/Al joining after annealing was con-firmed by scratch tests.
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Chapter 7

Thermal insulation capability of Y203 and Er;0O3

coatings on aluminum alloy substrate

Abstract

Nowadays, selection of a suitable spray method to design the coating microstructure
such as porosity is a key to effectively improve properties of the base materials. In this
study, microstructures and thermal insulation capability of chelate flame-sprayed (CFS)
erbium oxide (Er.O3) and yttrium oxide (Y203) coatings were directly deposited on
aluminum alloy (A5052) substrate have been investigated. A rotation apparatus and
cooling agent (liquid nitrogen) were used during the synthesis to coolant substrate and
control the deposition particles shape form during coatings deposition. The results show
that the Y203 coatings had higher thermal insulation capability than the Er,O3 coatings.
It is worth noting that the thermal insulation capacity of the Y203, EroO3 coatings
synthesized by the cooling substrate with liquid nitrogen method is improved. For the
thicknesses of 90 — 128 um and cross-sectional porosity of 12-33 % Y>0Os3 coatings, the
temperature drop (ATr=37 °C) of the coarse-voids-structure Y>03 coating at 440 C

and upgrade from 0.10 to 0.32 of ATy per unit micron (‘C/pm). It is mainly associated
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with the coat having more undulated layer surface and more complicated
microstructures. Therefore, it is a new idea with the chelate flame-spray method to

synthesize the TBCs coating on the low-melting-point-metal material.

7.1 Introduction

Thermal barrier coatings (TBCs) have been widely used as high-temperature
protective coatings in aeronautic, motor industry, and jet engines in vessels, etc., for
their helpful performance like a thermal barrier and oxidation resistance[1-3]. TBCs
often consist of a thermally resistant top-coat and an oxidation-resistant bond coat
applied on a metal substrate[4, 5]. The TBCs are typically prepared by plasma-spray
(PS) method, and especially in motor industry[6, 7]. Their lamellar structure with
intersplat pores and intrasplat gaps contributes to excellent performance with respect to
thermal insulation and strong adhesion with the substrate, the latter of which affects the
lifetime of TBCs significantly[8-11].

There is an urgent demand for designed film structure (such as porous, layer gap, etc.)
to retard their erosion at high operating temperatures. As we all know, thermal spraying
is a process in which a protective film is deposited on a substrate by spraying on its
small size and high-velocity (above 100 m/s) molten (or decomposition and molten) of
metals, alloys or ceramics which merge and solidify after impact producing dense or
porous and thin layers or lamellae that conform and adhere to the substrate surface and
form the protective coating. The thermal conductivity (k) empirical relationship
(Eq.(ql)) can be used to describe the improvement in thermal insulation performance

by increasing the porous in the coating[12]. The coating deposition and solidified shape
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to increase the layer gap(or porosity) that are dependent on the material properties of
the powder, impact conditions(such as velocity and temperature) and substrate
conditions (such as temperature).

k =~ kc(1-BP) (1)
where kc is thermal conductivity of bulk material, § is the factors of materials and
material microstructure, p is the coating porosity. From the equation, it can be seen that
the thermal conductivity decreases as the porosity increases.

Therefore, a new deposition technique using a metal-ethylenediaminetetraacetic
acid(EDTA) complex has been developed[13-15] and called the chelate flame-
spray(CFS) technique. In this spray technique, the raw materials of metal-EDTA
complexes are placed into a feed unit and transported by flowing carrier gas (such as
O or N») to the spray gun. These complex powders decompose in the flame and reacted
with oxygen to form metal oxide particles, which are subsequent deposited on the
substrate. In a previous study, the metal oxide films with thickness of 10 - 20 um and
cross-sectional porosities of 3 — 24 % were deposited on stainless steel (SUS) substrates
in several seconds[16]. In addition, the effect of the starting material state(mechanically
mixed) and carrier gases ((Nz, air, and O2) on the porosity of yttria-erbia (Y203-Er203),
(Y, Er)203, Y203, and EryO3[17] were discussed. After, it has been found that the carrier
gas plays an important role in determining the porosity of the resulting films. The carrier
gas of N> was noted to control the structure of the coat with porosity, in past reports[15].
In the follow-up study, we successfully synthesized Y»Oj3 coating on an aluminum alloy
with low melting point, and the results showed strong adhesion without delamination
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and elemental diffusion[14]. Thus, the chelate flame-spray method has the potential to
be used as a new technology candidate on the special substrate (such an aluminum alloy)
to synthetic TBCs. However, systematic research on its properties as TBC material has
been rarely reported in literature.

Within the present study, the aim of this article was to investigate Er;O3; and Y203
films deposited on the aluminum alloy substrate by chelate flame-sprayed(CFS) with
an H>-O» flame and assess whether they benefits same the traditional TBCs in thermal
insulation capability. And the films of microstructure, porosity evaluation, and control
were investigated by changing the spray parameters such as flow rates of powder,
carrier gas types, distance, substrate with coolant. In addition, the thermal insulation
tests were conducted of the Er,O3 and Y203 coatings deposited on the aluminum alloy

substrate.

7.2 Experimental
7.2.1 Raw materials

The complex of EDTA(ethylene-diamine-tetraacetic acid), EDTA-Er-H and
EDTA-Y-H (Chubu Chelest Co., Ltd.), were synthesized of Er,O3 and Y>O3 porous
thick coatings on materials with aluminum alloy (A5052, 50x50x10 mm?® Fuji
Manufacturing Co., Ltd.) substrate that had been previously blasted by #60 alumina grit
(99.7% purity, 212-250 pum particle size, Fuji Manufacturing, Fujioka, Japan) to

improve the adhesion between the substrates and the coatings in this research.
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EDTA-Er/Y-H

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

Spray gun N Rotation direction
Sulzer Metco:6P= 11

Rotation
apparatus

Distance

Liquid nitrogen

Cooling air

H,: 70 SCFH O,: 90 SCFH

Figure 7-1. Schematic of the films deposited setup for Er,O3 and Y03 films.

7.2.2 Spray conditions

The Fig.7-1 shows the flame-spray equipment for film deposition on the aluminum
alloy (A5052, 50x50x10 mm?) substrate. A traditional hydrogen-oxygen fuel thermal
spray system consisting of a feed unit (SMPE, Sulzer Metco, Westbury, NY) and flame-
spray gun (6-P II ,Sulzer Metco) was used to execute splat spraying. A mixture of H»
and O was applied as the flame gas, with flow rates of 70 and 90 SCFH, respectively.

In addition, for the purpose of study the relationship between substrate temperature
and particle morphology, we used the Fig.7-1 shows flame-spray apparatus and a 12-
side rotation apparatus that substrate is fixed on it, and the substrate temperature is
lowered by rotation. Then, we dig a groove on the reverse side of the substrate and
inserted the K-type thermocouple to measure the temperature at different rotation

speeds of the substrate during the experiment. The thermocouple was combined with a
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data logger (EL-USB-TC-LCD, MK Scientific) to receive data of substrate temperature

every second interval. Temperature profiles were obtained in each experiment using

analysis software.

Table 7-1 Flame spraying parameters for Er.O3 coating deposition.

Materials Flow rates : . o

. Carrier gas Distance Liquid
Sample (average diameter of powder .

(um)) (/min) types (mm) nitrogen

(a) 10 N, 160 None
(b) 10 N, 130 None

EDTA - Er - H
©) ' 10 N 130 Yes
(60.3)
(d) 20 0O, 100 None
(e) 20 0O, 100 Yes

7.2.2.1 Thick oxide films synthesized (Preparation of Er203, Y203 TBCs)

The ErO3 coatings with different porosity were manufactured by H>-O»-Flame-Spray

and 12-side Rotation Unit (Fig.7-1) on blasted aluminum alloy (50x50x10 mm?)

substrate. Unscreened raw materials(EDTA-Er-H) were used to synthesized Er>O3

coatings of (a), (b), (c¢), (d), (¢) conditions. For comparison, conditions (c), (¢) used

liquid nitrogen to lower the substrate temperature. The related thermal spraying

parameters are shown in Tabel 7-1.
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Table 7-2 Flame spraying parameters for Y203 coating deposition.

Materials Flow rates . . .
. Carrier gas Distance Liquid
Sample (average diameter of powder :
(um)) (/min) types (mm) nitrogen
® 10 N, 130 None
(8) 20 0, 130 None
EDTA - Y - H
(h) 20 0, 130 Yes
(36.2)
(i) 20 0, 100 None
G) 20 0O, 100 Yes

For comparison, we also synthesized the Y203 coatings on the blasted aluminum alloy
(50x50x10 mm?®) substrate with the same as the ErO3 coatings preparation method.
Unscreened raw materials (EDTA-Y-H) were used to synthesized Y203 coatings of (f),
(g), (h), (1), (j) conditions. Where (h) and (j), we used liquid nitrogen as a coolant to
compare for not liquid nitrogen ((f), (g), (1)). The related thermal spraying parameters
are shown in Tabel 7-2. In addition, in all conditions, Y203 and Er,O3 coatings with
thickness are 100 pm (the thickness was measured to 100 um using a vernier caliper

during spray process.).

7.2.3 Thermal insulation capability test

The thermal insulating tests of Er.O3, Y203 TBCs were performed in a k-type
thermocouple[18], hot-plate (CHPS-170AN, AS ONE), and data logger (midi

LOGGER GL200, GRAPHTEC). A complete thermal insulating process consists of an
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iso-thermal heat at 400°C  with the dwell time 30 min and the data logger recorded each
temperature at intervals of 0.1 s. The average value (between 1500 and 1800 s ) of the
temperature difference in the quasi-stationary state of the temperature T> on the hot-
plate side and the temperature T on the back surface of the sample was taken as the
temperature gradient AT for that sample (AT = T, - Ti). The thermal insulation
capability ATrwas calculated as the difference between the AT of each sample and the
temperature gradient of the measured value AT, of the aluminum alloy (AT=AT-ATa).
The test model, as shown in Fig.7-2. From the above, steady-state method performing
a measurement for thermal insulation performance when the sample has reached

thermal equilibrium[18].

K-type thermocouple

v >~
Datal ]
Backside \‘— ata logger

temperature(1) \

Surface
temperature(2)

M

Heat-realatant block

Coatings

Heater(400°C)

AT (°C)=Temperature(2) - Temperature(1)

Figure 7-2 Schematic diagram of thermal insulation capability test.
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7.2.4 Characteristics

The phase analysis of the synthesized various coatings was characterized by X-ray
diffractometer (XRD, M0O3XHF22, Mac Science, Kanagawa, Japan) with Cu-K o
radiation, over 20 values of 10 90°. The splat morphology, microstructure, and
composition of the films (deposited splat and thick metal oxide coatings) were observed
using field-emission scanning electron microscopy (FE-SEM, JSM-6700F, JEOL,
Japan) equipped with an energy dispersive X-ray spectroscopy (EDX, JED-2201-F,
Japan). Secondary electron and backscattered electron(compositional) images of the
synthesized thick coatings were acquired. All the synthesized thick coatings for cross-
section analysis were firstly embedded in transparent epoxy resin and then polished
with water-resistant abrasive paper. The coating thickness is the average thickness of
20 transverse section that was estimated by analyzing the whole SEM image with the
commercial software SmileView, and the porosity of the coating was evaluated based
on the analysis of the 2D images via ImageJ software. The average thicknesses and
porosity of the coating were estimated by over 5 images randomly from the polished

cross-sections.

7.3 Results and discussion
7.3.1 Bulk properties of deposited Er203 and Y203 thick coatings

7.3.1.1 Phase analysis
The XRD pattern of the synthesized Er.O3 thick coatings of various conditions is
shown in Fig.7-3, which matches well with standard the International Centre for

Diffraction Data(ICDD) cards as references. In Fig.7-3 (a), (b), (c), (d), (e), the all of
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conditions Er;O; thick coatings deposited on A5052 substrate exhibited cubic and
monoclinic ErO3 crystalline phases. EroO3 exhibits three structural polymorphisms:
cubic, monoclinic, and hexagonal, which are commonly known as C-, B-, and A-type
structures, respectively[17, 19]. Hence, the distance and cold-treatment(liquid nitrogen)
have no effect on the crystal structure of the deposited coatings. In addition, the
deposited Y»0s thick coatings by various conditions of the XRD pattern are shown in
Fig.7-4, from all of the peaks contained only cubic Y»O;3 crystalline phase was
confirmed in the thick coatings formed by EDTA-Y-H powder. The results imply that

Y>0s coatings have no effect on the crystal phase before and after the cold-treatment.

a @ Er,0,00-008-0050 (cubic)
% WV Er,0;01-077-6126 (monoclinci)
gS
on o~ —
— ~ | _—— g = — — oy
S o s 8 3 o & 3¢
a —
- vV , ® , ,\ L ] \®
=
<
=l ®
2z
2 (c)
A=
(d) “ A
A A, A A
(e)
20 30 40 50 60

20 (deg)

Figure 7-3 XRD patterns: (a)-(e) Er.O3 coatings of various conditions.
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Figure 7-4 XRD patterns: (f)-(j) Y203 coatings of various conditions.

7.3.1.2 Microstructure of Er,03, Y203 coatings

Table 7-3 gives the maximum substrate temperature per 30 scans of each rolling
velocity during spraying. From the results, as the rolling velocity increases that the
substrate temperature becomes lower. In addition, it is proved that the rotation apparatus
is effective for cooling the substrate.

Fig.7-5 shows surface SEM images of the five Er,O3 coatings. When the flow rates
of carrying gas with 10 SCFH, nozzle-distance was 160 mm, and not using liquid
nitrogen, a number of spherical (i.e., not flattened) particles with sizes of approximately
1-11 um was observed, and pores also can be seen in the surface, as shown in the Fig.7-
5(a). The rest of the conditions are the same except for the use of liquid nitrogen of
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samples (c) and (e), from those SEM images which were observed flatten particles.
Further, pores were present, porous particles were also seen in the ErO3 coating
synthesized using liquid nitrogen, and the structure of gully gap has also been noticed,
as shown in the Fig.7-5 (c). A stacked structure similar to the sample (b) was observed
in the surface image of the sample (d), as shown in the Fig.7-5(d). Finally, in Fig.7-
5(e), the particles with the highest degree of out-of-flatness (or raised) were observed
in the EryO3 coating deposited with using liquid nitrogen, for comparing to sample (d)
(not liquid nitrogen).

Thus, the choice of using the liquid nitrogen caused differences in the surface
morphologies of the deposited ErO3 coating. As we all know, the microstructure of the
films deposited by the PS coating technique varies with the rapid solidification and
cooling of the particles[20-22]. The reason why are these parameters determine the
flame’s temperature and velocity of the in-flight particles in the reaction system[23, 24].

These, in turn, determine the particle’s degree of melting on the substrate.

Table 7-3 Maximum substrate temperature at 30 scans per each revolution speed.

Maximum substrate temperature/ SD

Rolling velocity (rpm) (C)
30 306/3.1
75 181/2.9
90 168/1.2
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B : liquid nitrogen

gully gap
~

Figure 7-5 Surface SEM images: (a)-(e) Er2O3 coatings of various conditions.

B : liquid nitrogen

Figure 7-6 Surface SEM images: (f)-(j) Y203 coatings of various conditions.

Fig.7-6 shows surface SEM images of the five Y203 coatings (Fig.7-6 f-j). In the
case of same conditions, sample (f) was not significantly different from sample (b) of

the surface images. Next, when using liquid nitrogen (Fig.7-6 (h)), it can be observed
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the outstanding particle stacking area and different from not using (Fig.7-6 (g)). Then,
in the case of the spray distance was getting closer, it can be seen that a number of
globular pores with sizes of approximately 1-3 um was observed, and the degree of
porous was higher than ErO3 coatings (see Fig.7-5), as shown the Fig.7-6 (i) and (j).
Thus, the particle stacking shapes of the molten oxide can be varied by changing the

spray distance and the carrier gas, the liquid nitrogen used.

B : liquid nitrogen

Sample (a) (b) (d)
w
3]
)
<
£
=
m
»n
Lamellar structure -10 um
pores
Delaminations Honeycomb microstructure
w
)
)
£
3
2
=
=
m v QU
Layer gap

Figure 7-7 Cross-sectional SEM and enlarged images: (a)-(e) EroO3 coatings of

various conditions.

Thermal insulation capability depends on its form of solidified splats
(microstructure), such as the pore-forming and spherical splats. the full cross-sectional
morphologies of the Er,O3 coatings were determined using SEM, shown in Fig.7-7 (a)-
(e) and enlarged images, respectively. A typical lamellar structure with flatted grains,
micro-gap, and pores were observed in all coatings. Because the molten droplets

successively impinged and spread on the substrate or the previous splats to form
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continuous layers[25]. In the previous study, the carrier gas and distance affect the
temperature and velocity of the in-flight particles with EDTA-Er-H[16, 26]. From the
study, those were indicated that the different carrier gases(such as O; and N»2) used have
an effect on the decomposition and oxidation of the complex. And compared to the
traditional thermal spraying method(such as plasma spraying(PS) et al), as one of the
highlight in this study is that the chemical reaction of EDTA-M-H (M: metal species)
can be represented by equation(2) as :

2EDTA-M(Eror Y)-H + 24 O, — M,03 +20CO.1 + 13H,01 + NO2?1 (2)
As described in Eq. (2), the H»-O> flame reacts with various types of the carrier gas,
thus, the structure of the metal oxide coatings can be formed by supplying higher or
lower amounts of thermal energy to the inflight particles, which was determining the
splat shape on the substrate, thus, it means that the carrier gases of O» and N> resulting
in coatings with higher and lower porosities, respectively. Therefore, the particles were
well-molten and decomposed in the flame as the spraying distance was long, and were
orderly deposited on the substrate to reduce the pores in the coating (see Fig.7-7 (a)),
on the contrary, the uneven melting time of the particles results in a shape of
solidification on the substrate and makes up the unique structure with large layer gap
and pores, as shown in the Fig. 7-7 (c) and (d). In addition, it can be clearly noted in
the rolling structure at the outer layer, which we called the mountain pack structure.
The reason is that the in-flight molten droplets successively impinged and deposited on
the rotating substrate with the rotation apparatus. Table 7-4 gives the thicknesses and
cross-sectional porosities of the Er,Os coatings. The porosities were determined by
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analyzing SEM images of the coatings. This analysis method can be used to determine
the numbers of both open and closed pores[27]. First, Sample (a) had an average
thickness of 101 um and a cross-sectional porosity of 5 % when the nozzle-substrate
distance was 160 mm. Next, when the distance becomes shorter at 130 mm,
these(Sample (b)) values were 116 um and 12 %, respectively. From the results, the
main effect of standoff distance increase in sample(a) and (b) is a reduction in coating
thickness, increase of porosity. In addition, it also changes in both the in-flight particle
temperature and inflight particles velocity, resulting in the deposited single splats shape
to change, such as the disk-like, splash, and semi-melting in the coating. Generally,
when the EDTA * M * H complex is used, it would rapidly decompose and oxidizes in
the flame[28]. It can be considered that an increase in particle dwell time is expected
with an increase in standoff distance, as the result that a higher in-flight thermal transfer
would also be obtained, and formed the denser coating. In the case of using the liquid
nitrogen, the films(Sample (c)) obtained with an average thickness of 114 pm and
porosity of 27 %, respectively. Sample (c) has almost the same thickness as Sample (b),
the porosity of sample ¢(27%) is twice or more compared to sample b(12%) in the same
spray condition only the coolant(shown in Table 7-4). When O; was the carrier gas,
and nozzle-substrate distance was 100 mm, the resulting coating(Sample (d)) was the
thickest, having an average thickness of 144 um and porosity of 14 %. On the other
hand, using coolant to synthesis coating(Sample (e)) that it the thickness of 149 um and
porosity of 22 %. From these results, in the case of N> as the carrier gas, the greatest
increase of the porosity to be compared with O,. Based on the Eq.(2), the reaction
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process that takes place when the metal-EDTA complex is introduced into flame. First,
the precursor melts and thermally decomposes, resulting in the production of the gases
CO2, H20, and NO.. Next, metal ions are released from the chelating ligand. Finally,
the metal oxide particles are formed and undergo rapid cooling. These cooled particles
then solidify rapidly. Therefore, in the case of the O> as the carrier gas that the
temperature of the in-flight particles was highest and easy to decomposition, oxide, and
melt of the particles(Er.0z). In fact, we measured the inflight particles the temperature
of 2400 °C in carrier gas Oz and 2290 “C in carrier gas N2, hence, it can be said that
the precursor melting rate in H2-O> flame would be higher in O, than that of in N2, The
same behavior was reported previously[26], and further confirmed in this study. In
addition, the porosity was increased after the use of liquid nitrogen under the same
conditions(Sample (b)-(c) and (d)-(e)). The reasons why are, two-point effects could
have happened during the deposition processes. First, this was attributed to the presence
of'absorbates and condensates on the substrate surface at lower temperatures that induce
splashing during particle spreading[29], and for high cooling rates, splat solidification
could occur during spreading and induce splashing. Thence, when the particles impact
the cooled substrate, these were affected by rapid cooling to form a layer gap. In other
words, the solidification process of molten droplet was very fast, resulting in limited
time for the fully spreading of the droplet, thus, the liquids solidified before forming a
disk-like shape showed a complicated morphology due to the difference of the surface
temperature of substrate, resulting in the irregular shape of the splat formed in the
coating structure to be increased the porosity. Chen et al.[30] illustrated that the
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deposition of the difference splat shape with the different preheated temperature of the
substrate, thus, affecting the formation of pores(including inter-lamellar gap) in the
coating. The other effect to consider is the nitrogen gas remaining in the gap between
the top layer(each top layer of spray), in other words, micron-sized pores are mostly in
the middle of the coatings, that could be resulted by the subsequent molten particles
impact top layer and enclose the nitrogen gas (or air, water vapor) to form large-sized
pores. Hence, the effective cooling of the substrate can affect the porosity of the coating.

Therefore, it is expected that this micro-structure has well thermal insulation properties.

Table 7-4 Results of estimated film thickness, cross-sectional porosities of Er;O;
coatings synthesized on the aluminum alloy(A5052) substrate. coating with liquid

nitrogen in content of the blue area (the same as below).

Samples Coating materials Thickness Cross-s§ctional
(nm) porosity(%)

substrate _ ; i

(@) 101 5

(b) 116 12

(©) E1r203 114 27

(d) 144 14

(¢) 149 22
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Table 7-5 Results of estimated film thickness, cross-sectional porosities, of Y203

coatings synthesized on the aluminum alloy(A5052) substrate.

Samples Coating materials Thickness Cross-sectional
’ ° (um) porosity(%)
substrate . . i
() 105 12
®) Y203 90 27
(D) 113 15
() 128 33

Fig.7-8 shows cross-sectional SEM images for the Y203 coatings obtained using the
various conditions (carrier gases, distance, liquid nitrogen), and shows cross-sectional
SEM with enlarged images for various samples(Samples (f-))). It can be clearly seen in
Fig.7-8 that the microstructures of the using coolant and not are significantly different.
The Y203 coatings reveal a lamellar structure showing that the coating was built-up by
splats that impacted over each other and same as Er>O3 coatings. However, the presence
of coarse voids with diameters of approximately 10-20 um was observed in the
deposited Y>0Os3 coatings under the conditions of using liquid nitrogen, as shown in
Fig.8(h) and (g). Furthermore, a few characteristics also are noted such as the presence
of pores between the substrate and the bond coat (bottom layer) in sample (h) and (g).
Table 7-5 shows the thicknesses and cross-sectional porosities of the Y>O3 coatings.
From Tables 7-4 and 7-5, the ErO3 coatings were thicker than the Y203 ones. The

Er0O3 coatings have a higher true density compared to Y2Os. In addition, the difference
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in used powder size from sample (e¢)(average diameter: 60.3 pm as shown in Table 7-
1) to sample(j)(average diameter: 36.2 um as shown in Table 2) corresponds to a change
in porosity 22% to 33%. In this respect, a change in powder size mainly affects the
kinetic energy(E). Thus, the kinetic energy of the in-flight particles can be calculated
as shown equation (3) as below:

E=1/2mv’ 3)

Where m is the mass of sample (kg), and v is the velocity of the inflight particle(m/s).
And the density of Er,0O3 and Y205 are 8.64 (g/cm?) and 4.84 (g/cm?). Then, the velocity
of the inflight particles obtained through previous study[16], we obtain E(Er203) =
1.5 or more E(Y203), which predicts an easier formed the disk-like shape splat on the
substrate for the Er,O; splat compared to the Y>Os3 splat, thereby the reduction of
porosity in Er;O3 coating. Therefore, Er>O; particle would be have higher adhesion
efficiency compared to that of Y203, because higher collision energy of the in-flight
particle, and it was reported in the previous study[11]. These results indicated that
cooling of the substrate is important for depositing the porous metal oxide coatings.
Such microstructure (including honeycomb microstructure) could improve the thermal
insulation capability because semi-molten particles with loose distribution could form
more pores (or globular pores) to lower thermal conductivity and more horizontal layer-

gap might be beneficial to resist heat conduction[31].
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Figure 7-8 Cross-sectional SEM and enlarged images: (f)-(j) ErO3 coatings of various

conditions.

7.3.2 Thermal insulation capability

The fundamental function of TBCs is to protect the substrate materials from thermal
flow transfer. Therefore, thermal insulation capability is considered as one of the most
important factors to evaluate the performance of TBCs. In this study, the thermal
insulation capability was evaluated by the temperature drop across TBCs (AT= T2- T1)
in a self-made set-up. Fig.7-9 shows the recorded heating temperature curves of the
heater (coating surface, To), the substrate (reference) specimen backside (T1), the TBCs
specimen backside (T:2), and coating with liquid nitrogen sample backside (T3),

respectively.
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Figure 7-9 Heating temperature curves(To), substrate without coatings (T1), TBCs
sample backside(T>), and coating with liquid nitrogen sample backside(T3). (a) and (b)

Er O3 coatings, (¢) and (d) Y203 coatings.
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Figure 7-10 Evolution of thermal insulation per micron with total porosity for Er20O;
and Y203 coatings.
Fig.7-9, it can be seen that as heater temperature (To) increases, all T1, T, and T3

increase. The results of temperature data indicated that T, T>, and T3 became stable
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when the holding time at To of 440 ‘C was longer than 10 min. And there was an
obvious distinction between normal-coating and coating with liquid nitrogen on
temperature increase. It means that TBCs contributes to decrease the temperature of the
metal substrate. Furthermore, the temperature drops across TBCs became larger in all
coatings as heater temperature stable. Apparently, TBCs plays a more important role in
higher temperature environment. In addition, reduce the temperature (or T3) effect is
better by coating with liquid nitrogen. The temperature drops across samples (Er2O3
and Y03 coatings; AT) measured at 440 ‘C for stable values with from 25 min to 30
min are listed in Tables 7-6 and 7-7 apparently, TBCs plays a more important role in
higher temperature environment. In addition, tables also have given the values of TBCs
(ATy) and ATrper unit micron. As can be seen, ATrvalues depend on the melt-ceramic
coating porosity and materials. The AT values increased with increasing the Er,O3 and
Y203 coatings porosity from 5 % to 27 % and from 12 % to 33 %, respectively. The
Y203 coatings exhibited higher AT values than the Er.O3 coatings. For the spray
parameters of the flow rates of powder and distance are 10 g/ min and 130 mm, using
the carrier gas of N», the Er.O3 coatings with porosity approximately of 12 % and 27 %
(samples b and ¢ ), the coating with coolant and not, the ATrvaluesof 11 ‘C and 30 C,
respectively. When the flow rates of powder, and distance of 20 g/ min and 100 mm,
respectively, as using the carrier gas of O, the coatings with the porosity 14 % and 22%
(samples d and e ), the ATt values of 14 “C and 28 °C, respectively. The spray
condition with coolant exhibits higher ATr values than spray with not, as shown in
Table 7-6. The Ty value at 440 C of the Er,O3 coating with coolant increased more
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than 2 times compared with that of the conventional Er;O; coating. In addition, it can
be noted that it is also compatible with the Y203 coating by the same as the Er2O3
coating. For the results of thermal insulation test with Y203 coatings, when the spray
parameters of the flow rates of powder and distance are 20 g/ min and 130 mm, using
the carrier gas of Oy, the coatings with porosity approximately of 14 % and 27 %
(samples g and h ), the coating with coolant and not, the ATrvalues of 15 ‘C and29 C,
respectively. With same the flow rates of powder of 20 g/ min, standoff the distance
from130 to 100 mm, and using the carrier gas of O, deposited the coatings with the
porosity of 15 % and 33 % (samples i and j ), the ATr values of 16 ‘C and 37 C,
respectively, as shown in Table 7-7. From the above, the spray distance(or standoff
distance) could effect on porosity with improved in the coatings. It means that the spray
conditions could affect the formation of the microstructure in the coatings, which is
beneficial to improve the thermal insulation performance. However, ATt per unit
micron value of the thinnest sample (h) exhibits higher than other coating. It could be
due to the larger undulating in the outer layer, in which the pores are mostly distributed
in the bottom and the inner layer. In addition, the evolution of thermal insulation per
micron with total porosity for EroO; and Y>O3 coatings that it could be seen more
clearly by shown in Fig.7-10. It means that the Y>O3; coatings have higher thermal
insulation capability than the Er2O3 coatings. This result can have several reasons, as
mentioned above the Y>0Os3 coatings had a higher porosity, but also the material itself
has a lower thermal conductivity as compared to Er,O3 material[32, 33]. The different
types(such as shape, size, et al. ) of the pores in the two coatings, it is clearly evidenced
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that, for those cross-sectional SEM images(Fig. 7 and 8), there is an angle between the
direction of the pores(or gaps) and the substrate, in the Er,O3 coatings. From the Y>03
SEM images, the large size pores and the number of honeycomb splats have been
formed and oriented along the axis parallel to the coating substrate interface, which was
improving the thermal insulation capacity due to coatings surface perpendicular to the
heat flow in this test. Furthermore, the microstructural characteristic of the pore-
structure Y203 coatings also has a contribution for the improved thermal insulation
capability because increased grain boundaries hinder the transportation of phonons and
decrease the thermal conductivity. In contrast, although the Er,O3 coatings(Sample (d)
and (e)) are thick which the continuous dense microstructure is resulting in the easy to
the thermal transportation. Generally, in the TBCs, the A T values depend on the
coating thickness, materials, and pores-microstructure. However, it was found that the
effect of pores-structure on thermal insulation performance is greater than the thickness
in this study. The reason is that the increase in the thickness compared with the pores(or
gaps) of the coating was not significant to the thermal insulation performance[34]. From
the above results, it is clear that thermal insulation capability can be correlated to the
total porosity if the macro-porosity dominates the porous structure of the coatings[34].
Furthermore, compared to the conventional spraying method such as atmospheric
plasma spray, using the chelate flame spraying method results showed that the thermal
insulation capability close or more than these, as shown in Table 7-8 [25, 35, 36]. By
depositing on aluminum alloy(A5052) substrate, and through the various spray
conditions to design the TBCs with good thermal insulation capability could be
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obtained without bond coating. It could greatly reduce the weight of the hot components.

Table 7-6 Results of the temperature of the test(AT) and thermal insulation

temperature(ATr) of ErOs coatings synthesized on the aluminum alloy(A5052)

substrate.
Samples | S AT(C)  AT(O) Ay P unit micron
(‘C/um)
substrate 41 ]
@) 48 7 0.07
) >3 1 0.09
(c) Er203 71 30 550
(d) 52 14 0.10
() 69 28 0.19

Table 7-7 Results of temperature of test(AT) and thermal insulation temperature(ATr)

of Y203 coatings synthesized on the aluminum alloy(A5052) substrate.

; . AT, per unit micron
Samples Coatl‘n 8 AT (C) AT (C) P
materials .
(C/pm)

substrate 41 -

® 51 10 0.10

(2) 56 15 0.16

(h) Y20 70 29 0.32

(1) 57 16 0.14

)] 78 37 0.29
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Table 7-8 Results of thermal insulation capability with APS and CFS.

Thermal insulation

Thick
Meod | COE Ty AT permicon
84y porosity(%) ATf(OC/ pm)
7-8 wt%YSZ/
APS NICAALY 430/20.37 133 0.31
8 wt%YSZ/
APS NICIALY 320/13.0 71 0.22
APS 8 wt%YSZ 150/6.83 65 0.43
Er O
CFS 23 114/27 30 0.26
/ without
YO
CFS 23 128/33 37 0.29
/ without

APS: Atmospheric Plasma Spray

CFS: Chelate Flame Spray

4. Conclusions

In this work, ErOs, Y203 thick coatings were synthesized from metal-EDTA

complexes on aluminum alloy(A5052) substrates directly using the flame-spray and the

rotation apparatus with H2-O: flame. In addition, an experimental study was carried out

two types of TBC coatings structure by four kinds of spraying parameters(carrier gas,

flow rates of powder, distance, coolant-substrate) to assess their properties(porosity,

thermal insulation capacity) and functional performances as protective layers deposited

in metal substrate.

The results showed that:
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e In all samples, the Y203 coatings(12-33 %) showed high porosity than the Er.O3
coatings(5-27 %).

e The thermal insulation test results were revealed by the Y»0s3, Er,O3 coatings
indicate it as a promising coating material for low melting point metal(aluminum
alloy), especially the Y203 coatings. These results could be due to the honeycomb
microstructure, the layer gap, and the closed porosity that are characteristics of the
CFS-sprayed coatings. In addition, the correlation between thermal insulation
capability and coating thickness was not found in this study.

e There are microstructural differences between the deposited on the aluminum alloy
substrate by Y203 coatings and Er,Os coatings. These differences are due to the
different density.

The sample properties combined with the thermal insulation test results indicate that it

can be expected to have a better thermal insulation effect with the use of ceramic

coatings applied on the car-body material and piston crown (aluminum alloy). This idea

will be expanded and deepened in further studies.
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Chapter 8

New method development for thermal analysis of

metal-oxide coating

Abstract

In order to cope with heavy energy efficiency and reduced the temperature of the
engines have been the driving force for mechanical industry in the past decades and the
new thermal barrier coatings are being investigated. Er,O; coatings were directly
deposited on an aluminum alloy substrate without bond coating by chelate flame
spraying(CFS). The thermal insulation capability, thermal conductivity, microstructure,
porosity, and splats of these two kinds of coatings with thickness were studied. For the
coating with a thickness of 300 um, exhibits higher AT value, which increases by
43.1 % compared with that of the thickness of the 100 um coating with the same spray
conditions. It exhibited low thermal conductivity, decreasing from 4.56 Wm™'K! to 2.57
Wm'K! at the stable phase(500 C and 600 ‘C), which is mainly due to its special
microstructure with more mesh-splats, higher porosity(28.3 %). This study provides a
new idea of test method, which can be measured that thermal conductivity and thermal

insulation capability.
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8.1 Introduction

Thermal barrier coatings (TBCs) are widely used in the hottest sections protection
with thermal, corrosion, and erosion of aero and land based gas turbines in order to
significantly enhance the durability of components or allow the increase in working
temperatures for better engine performance and efficiency [1-6]. A typical TBCs are
double-layer coatings applied to protect components consisting of a metallic bond coat
and a ceramic top coat [7,8]. The main function of the bond coat is to protect the
substrates from oxidation and corrosion with thermal [9]. As we all know, the ceramic
coat has a relativity low thermal conductivity that can reduce the requirements for the
cooling system [10]. Generally, the ceramic surface coat is usually deposited using the
plasma spraying technique [11,12]. The traditional plasma-sprayed ceramic coating
exhibit a lamellar structure with large connected gaps and high porosity, which is the
reason to enhance the insulation and lower the thermal conductivity [13]. However,
high energy consumption and large-scale installation requirements limit the further
application of these methods [14]. Therefore, searching for a new flame spraying
system to synthesis the TBCs with high thermal insulation capability and good high-
temperature stability is still of both scientific significance and technological importance.

Recently, a new deposition technique using a metal-ethylenediaminetetraacetic acid
(EDTA) complex has been researched [15,16]. In this technique, the metal-EDTA
complex powders are introduced using the flame spraying method that we called this
method for chelate flame spray (CFS). These complex powder decompose and oxide in
the flame, forming metal oxide particles, which are subsequently deposited on the
substrate. In this method, the metal oxide coatings were synthesized with thickness:9.7-
13.5 um and cross-sectional porosity:1.6 — 33% on the stainless steel and aluminum
alloy substrate [17,18]. The metal oxide films were deposited on the metal substrate
from EDTA complexes through the flame of H2-O». Furthermore, it has been found that
the carrier gas types, powder feed ratio, and substrate temperature play an important
role in determining the microstructure such as shape and size of pore and gaps size
between the splats of the sprayed coating. Based on the above, the thermal conductivity

of a porous ceramic coating depends on the intrinsic thermal conductivity of the
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material related to the composition and structure as well as on the architecture of the
porous network, while the enhanced thermal insulation capability. In addition, it has
been reported that the deposited the metal-oxide coating exhibits a strong adhesion and
good thermal shock performance on the aluminum alloy and stainless steel substrate
[15,19]. Up to now, the series studies have been based on comparisons between coatings
produced from different spray conditions with substrate temperature, carrier gas types
and powder feed ratio which did allow to demonstrate that a relationship exists between
the size and shape of the pore, as well as the nature porosity, and the thermophysical
properties, but there is still a need to establish quantitative microstructure thermal
conductivity correlations for the optimal design.

Within the present study, TBC coating with different porous and thickness was
synthesized on an aluminum alloy substrate by appropriate manipulation of the
variables controlling the CFS processes. The microstructures features and thermal
insulation capability of the deposited coatings were investigated, and to provide some
foundation for improving the properties of TBC. In addition, the thermal response
(Laser flash method) tests were conducted on various porosity of TBCs, which were

calculated the thermal conductivity.

8.2 Experimental
8.2.1 Chelate flame spraying process

We first prepared EDTA- Er- H (Chubu Chelest Co., Ltd.) for the deposition of Er,O3
thick coatings. Fig.8-1 shows the experimental setup for TBC deposition from the
EDTA" Er H complex onto the aluminum alloy(aluminum-magnesium alloy, A5052)
substrate with the thermal insulation capability test. A conventional flame-spray
apparatus consisting of a feed unit(SMPE, Sulzer Metco, Westbury, NY) and spray gun
(6P-1I, Sulzer Metco) was used to perform reactive spraying. This apparatus is used
commercially for the deposition of TBCs with H2-O> flame. And the rotation apparatus
with the capability of depositing 12-samples(dodecahedron) at a time was fabricated
inhouse. The rotation velocity of the apparatus was kept to the 90 rpm. As has been

stated above, we employed different carrier gases and standoff distance with the
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substrate to determine the effects on the microstructure of the coatings. Five different
types of samples were sprayed in this work, as shown in Table 8-1. One type of sample
was sprayed by carrier gas O», and it was aim of the coating (sample (a)) with thickness
and porosity of 100 um and 10 %, respectively. The second (sample (b)) and the third
(sample (c)) were sprayed by carrier gas N», and both conditions are the same, only the
one of the coating which in order to improve the porosity, liquid nitrogen was used as
a substrate coolant. Those samples were prepared to synthesis with porosity of 20 and
30%, respectively. Finally, the two samples (sample (d) and (e)) were sprayed with same

spray parameters with sample (b) and (c), only the thickness was varied.

Raw materials

Powder feeder

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

Spray gun
Sulzer Metco:6P— 11

Rotation
apparatus

Carrier gas

<+

Distance\f\/‘\\/

Liquid nitrogen

Cooling air

H, : 32,5 L/min O, : 43.0 L/min

Figure 8-1 Schematic of the films deposited setup for splat morphologies and porous

film.
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Table 8-1 Flame spraying parameters.

Flow rates . Flow rates of . Rolling o
. Carrier gas . Distance . Liquid
Sample materious of powder e carrying gas velocity troo
(@/min) ypes (SCFH) (mm) (rpm) nitrogen
(a) 20 0 100 None
(b) 10 N2 130 None
(c) EDTA - Er - H 10 N 10 130 90 Yes
(d) 10 N> 130 None
(e) 10 N2 130 Yes

&.2.2 Characteristics

The cross-sectional morphology and microstructure of the coatings were observed
using field-emission scanning electron microscopy(FE-SEM)(JSM-6700F, JEOL). At
least 6 SEM images with magnification 200 and 400 respectively are randomly acquired
and used for each sample. The coating thickness is the average thickness of 20
transverse section that was estimated by analyzing the whole SEM image with the
commercial software SmileView, and the porosity of the coating was evaluated based
on the analysis of the 2D images via Image] software. The average thicknesses and
porosity of the coating were estimated by over 5 images randomly from the polished

cross-sections.
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Figure 8-2 (a) Schematic diagram of thermal conductivity test, and (b) schematic

diagram of the principle of measurement by the AC calorimetric method.

8.2.3 Thermal conductivity measurement

The schematic diagram of the thermal insulation capability test is shown in Fig.8-2.

The parameters of the heating source are the same as previously described(Fig.8-1) with

H>-O; flame. The TBCs samples or the substrate samples were fixed in the rotation



apparatus, and the rotation velocity was kept the 60 rpm. The surfaces of the TBCs
sample or the substrate sample were heated by the H>-O» flame, and the sample
backsides were in the rotation apparatus. Two K-types thermocouples were used as
sensors, one was located in the sample surface to measure the surface
temperatures(coating surface temperatures, Ti=Tis(substrate)=Tic(coatings)) and
another one was fixed on sample Dbackside to collect the
Temperatures(T>=Tas(substrate)=Tac(coatings)) of the sample backside. The K-types
thermocouples were linked to the wireless high-speed thermocouple temperature
function logger (SHTDL4-Hispeed) respectively to record the heating temperature
curves (T1, T2) in real-time with 60 s. For scientific, it is recorded that the change curve
of surface temperature 100 points (times) at 1 rpm(1s). The temperature data were
analyzed and stored by a computer. In this study, the two temperature stages will be
analyzed respectively as the rising curve, and the stable curve, the temperature drops
across the sample and substrate (T1-T2 = ATs, ATc), across the TBCs (ATs - ATc) were
calculated. In addition, the thermal conductivity of the coatings would be measured by
AC calorimetric method [20]. In this study, Fig.8-2 (b) shows a schematic diagram of
the principle of measurement by the AC calorimetric method with stages I and II. The
phase difference(®) is calculated by time lag (Q) and one cycle (P). In a simplified
approach, when the coating thickness more than to 10 um, the thermal diffusivity(o)

can be calculated as Egs. (1),(2) [21]:

P = \/Z:/:x (D)

d=d \/azcﬁ )

where 0 is the phase difference in both of the curves(T; and T2), d is the thickness of
the coating, f is the frequency in the thermal cycle, as and x are the thermal
diffusivity and thickness of the substrate, respectively, os is the thermal diffusivity of
the coating. Eq.(1) states that phase difference(®) is measured by the substrate
thickness(x) and frequency(f) obtained in the thermal cycling, and then, the substrate
thermal diffusivity(as) is obtained from the gradient of the relationship between the

phase difference(0) and the substrate thickness(x). In addition, the phase difference(0)
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at the coating thickness(d) is measure by changing the frequency(f). Therefore, the

substrate thermal diffusivity(oc) is obtained from the gradient of the relationship

between the phase difference(0) and frequency (\/7 ) in Eq.(2). Hence, the thermal

conductivity(k) can be described using the following equation(3) [22]:

k = axpxC 3)
where a is the thermal diffusivity, p is the density of the material, c is the specific heat
capacity of the coating or substrate. Based on the above, the thermal conductivity(k) is
calculated by Eq.(1) from the thermal diffusivity(a), density(p), and specific heat

capacity(C) on the real test.

Figure 8-3 SEM cross-section images of Er.Oz coating with a thickness of
approximately 100 um: (a) and (b) sprayed with no coolant, (c¢) sprayed with liquid

nitrogen.

Table 8-2 Results of estimated film thickness, cross-sectional porosities of Er;Os
coatings synthesized on the aluminum alloy(A5052) substrate. coating with liquid

nitrogen in content of the blue area.

Samples Coating  Thickness ~ Cross-sectional
materials (um) porosity(%)
(a) 106 7.7
®)  En0; 108 15.6
(c) 108 28.3

. :liquid nitrogen
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8.3 Results and discussion
8.3.1 Microstructure coatings

As we all know, Thermal insulation capability depends on its microstructure,
especially is related to the porosity and semi-molten particles.

Fig.8-3 shows the cross-section morphologies of the three types with the different
porosity of coatings. It shows that coating (sample (a)) is uniform and dense except a
few pores with top layers (Fig.8-3(a)). For coating(sample(b)), a typical porosity
structure with special mesh splats, the splats are the special microstructure that is
different form the un-melted splat, and we called it that honeycomb microstructure. The
number of pores and mesh splats inclusions exist in both coatings, which are obviously
raised in coating sample (¢) sprayed with coolant (liquid nitrogen) additions (Fig.8-3(b)
and (c)). Table 8-2 shows the thicknesses and cross-sectional porosities of the Er,O3
coatings. The porosities were determined by analyzing SEM images of the coatings.
Firstly, the thickness of the three coatings reached the expected target of closing to 100
um (106, 108, and 108 um, respectively). Moreover, the Er.O3 coating obtained using
O as the carrier gas had a cross-sectional porosity of 7.7 %. In the case of the N> as the
carrier gas, the sample (b), and sample (c), these were sprayed with the same conditions,
only one using the coolant, resulting in the porosity of 15.6 % and 28.3 %, respectively.
In the previous study, these were reported that the change carrier types for temperature
and velocity of the in-flight particles are useful for determining their impact behavior
and affect the morphology with the porosity of the sprayed coatings. Furthermore, in
order to compare the microstructure and the thermal insulation properties, increase the
number of spraying to obtain the coating thickness with 300 um(calculated thickness:
sample(d) 334 um and sample (e) 312 um). It can be clearly seen in Fig.8-4 that the
microstructures of the using and not with coolant are significantly different. Table 8-3
shows the thicknesses and cross-sectional porosities of the Er2Os3 coating with thicker.
From Tables 8-2 and 8-3, as they were sprayed with the same spray parameters, the
porosity was close to each other, thus, it can be said that these spray conditions

significantly control the pores in the coatings, and the thickness has no effect on it. In
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addition, the interesting phenomenon was observed that some of the inside the splats
with formed the mesh microstructure in all samples. However, in the case of the sprayed
with liquid nitrogen, the splat with mesh microstructure not only produced the
formations to raise, but also the size of the internal voids became larger. Therefore, it
has a reasonable assumption that using the coolant to lower the substrate temperature
and can control the number of the pores in the coating, as well as benefit to increase the
size of the voids inside the splats.

Moreover, the phenomenon was found that the layer connected to the substrate is
denser than the top layer in all of the coatings. It would be explained as follow, in this
study, flame spraying with the chelate complex was used as a thermal spray technique
in which the jet is a flame formed by the combustion of H> with Oz and the injected
feedstock is EDTA" Er- H powder. The in-flight EDTA" Er- H particles decomposition,
oxide and melt in the flame, spread into disk-shaped or splashing-shaped impact with
the substrate surface, transfer heat to the underlying substrate and solidify rapidly. The
coating is thus built up from an agglomeration of solidified Er.O3 splats. During this
process, the aluminum alloy substrate receives heat from the solidifying splats, and it
is also heated by the tail-end of the flame, as its hot gas jet escapes from the impact area
by flowing out sideways over the substrate [23,24]. These two sources of heat can raise
the temperature of the substrate significantly, and so may affect the porosity of the splat
layers close to the aluminum alloy substrate with temperature-sensitive [25]. It is

expected to provide favorable thermal insulation performance.

— 10pm

Figure 8-4 SEM cross-section images of ErOs; coating with the thickness of

approximately 300 pm: (d) sprayed with no coolant, (e) sprayed with liquid nitrogen.
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Table 8-3 Results of estimated film thickness, cross-sectional porosities of Er,Os3
coatings synthesized on the aluminum alloy(A5052) substrate. coating with liquid

nitrogen in content of the blue area.

Samples Coating Thickness  Cross-sectional
p materials (um) porosity(%)
(d) 334 16.9
Er,0;

(e) 312 25.5

: liquid nitrogen

8.3.2 Thermal conductivity

The fundamental function of TBCs is to protect thermal flow from transferring into
substrate materials insulation performance. Therefore, thermal insulation capability is
considered as one of the most important factors to evaluate the performance of TBCs,
in this investigation, the thermal insulation capability of TBCs was evaluated by the
temperature drop across TBCs(AT= T;-T»), in addition, from the heating temperature
curve, using the Eq (1)-(3) to calculate the thermal conductivity with various thickness
and porosity of coating(sample (a)-(e)). In this study, in order to calculate the phase
difference(0) of the sample, all-temperature values in the figure below are the lowest
inflection point of the curve peak, and ten values around each reference temperature

point were selected.
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Figure 8-5 Heating temperature curves of surface temperature with substrate(T1s) and
TBCs sample (T1c), substrate sample backside(T2s) and TBCs sample backside(T2c) (the
same as below).(a) substrate, (b) porosity of 7 %, (c) porosity of 16 % (d) porosity of

28 % Er,03 coating at temperature of 300°C.
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Table 8-4 the temperature values of the surface(T1) and backside (T2) at reference

temperature of 300 and 400°C.

Reference temperature 300 °C Reference temperature 400 °C
. Surface ~ Backside . Surface ~ Backside
Sample Time temperature temperature Time temperature temperature
(%10 ms) (%X 10 ms)

(TY°C)  (T2°C) (T1/°C)  (T2/°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
(c) 639 300.8 154.2 1052 400.0 178.2

Figs. 8-5 and 8-6 illustrates the recorded heating temperature curves(warming trend)
of the substrate sample surface(T1s), the TBCs sample surface(T1c), and the substrate
sample backside(T2s), the TBCs sample backside (T2c) at temperature range 300 —
400 °C. From Figs. 8-5 and 8-6, it can be seen that with enhancing spray flame time,
T1 and Tz increase. And the surface temperature of the TBCs is faster than that of the
substrate. In addition, the surface temperature of the substrate tends to be stable, at the
reference temperature of 400 °C. Furthermore, when the temperature of the TBCs and
substrate was raised to 300 and 400 degrees, the temperature value of the backside of
each sample with the result was listed in Table 8-4. In this result, the AT, values of
each sample are 182 °C, 195 °C, and 221°C, respectively, as the substrate surface
temperature tends to be stable with about 400 ‘C. It means that TBCs contribute to a
decrease in the temperature of the metal substrate. Moreover, the temperature drops
across TBCs became larger in different porosity coatings as spray flame time, and
temperature increased. In addition, the surface temperature of the TBCs with the spray
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flame time tends to stable of the range from the 500 “C, the temperature selection point,
as shown in Fig.8-7. From the results, it can be clearly seen that all of the TBCs both
side temperature curves to become stable, and as the porosity increases, the difference
between the curves on both sides becomes significantly larger, especially the porosity
of 28.3%. In addition, from the Figs.8-5 and 8-7, an interesting phenomenon was
discovered that the TBCs are higher than the temperature of the substrate, which is
because the formed the pore and voids in the coatings, especially on the top layers
spread, it can be explained that the thermal radiation crosses the pores, voids and mesh-
splats become slower while the coating is heated, resulting in a reduction in the surface
heat transfer rate, thereby increasing the surface temperature. Furthermore, the thermal
conductivity of Er.Os coating with various types of porosity was calculated by the
previously described equation. The density(p) was measured according to Archimedes
Principle. The phase difference(0) was measured according to the temperature curves
with AC calorimetric method. The deviation of thermal conductivity was estimated to
be £ 6 % due to the deviation for p, a, and C, and the results are listed in Table 8-5.
From these results, at the temperature of 500 C, thermal conductivity is varying
between 1.56 WmK! and 0.90 Wm™K, depending on the porosity. For the thickness
of the coating becomes thicker with 300 um(real thickness as shown in Table 8-3), the
heating temperature curves with rising phase(sample (d) and sample (e)) and stable
phase(sample (d1) and sample (e1)) as shown in Fig.8-8. In the rising phase, it can be
clearly seen that with enhancing spray flame time, T, and T2 increase. In addition, the
rising ratio of T is much lower than that of Ty, and it is shown the flat curve with raise
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the temperature of the backside. For a reason, thermal insulation capability depends on
its microstructure, especially is related to the porosity and splat gaps or formed voids,
thus, looking back shown in Fig.8-4, not only described above with the microstructure
but also the orientations of the newly formed hollow splats(the splats are hollow inside,
and the splats wall is significant) are slope to the heat flus direction, which are
beneficial to the enhancement of thermal insulation capability, in other words, the
decrease of thermal conductivity. On the other hand, which is responsible for the easy
flow of the heat into the surface with the pore of the coating and top layer as a thermal
storage layer proved to be better for the heat blocking. Table 8-6 shows the rising phase
of each sample with the backside temperature at the reference temperature of 400 C
and 500 ‘C(only the sample(e)). As can be seen, the sample (d) with ATq of 244 C at
the reference temperature 400 ‘C, and the sample (e) with ATe of 260°C and 347,
respectively, at the reference temperature 400 ‘C and 500 °C. Furthermore, in the stable
phase, the temperature curves on both sides tend to be flat range at 500 ‘C and 600 C,
respectively, as shown in Fig.8-8 (d1) and (e1). Moreover, it can be calculated that the
thermal conductivity of the 4.56 Wm?K™ and 2.57 Wm™K?, respectively, And the
details shown in Table 8-7. The thermal conductivity difference values depending on

the spraying conditions, thereby to improve the porosity in the coatings.
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Figure 8-7 Heating temperature curves with each sample (b)-(c). (b) porosity of 7 %,

(c) porosity of 16 % (d) porosity of 28 % Er.Os coating at temperature of 500C.

Table 8-5 The results of each sample at the stable phase.

Ti Surface Backside Thermal
Sample (x ln(‘)ne ) temperature temperature ~ AT(°C)  conductivity
(T1/°C) (T2/°C) (W/(mK))
(a) 5571 500.5 291.5 209 1.56
(b) 4225 500.1 281.7 218 1.25
(c) 3308 500.1 235.5 264 0.90
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Figure 8-8 Heating temperature curves with each sample (d), (e). (d) porosity of 16 %,
300 pm thick Er.Os coating, (e) porosity of 25 % 300 pm thick Er.Os coating at
temperature of 400 - 500°C, and (d1) porosity of 16 %, 300 pum thick Er.Osz coating, (e1)
porosity of 28 %, 300 pm thick Er.Oz coating at temperature of 500 - 600°C.

Thermal insulation capability was reported versus porosity, thickness. Mesh-splats
and hollow splats for each coating. Two groups of coating with thickness 100 pm and
300 um have been identified that show different behaviors (in Fig.8-7 and Fig.8-8
(d1),(e1)). Firstly, It can be clearly seen that AT values depend on the coating thickness
and porosity or microstructure. The AT values increased with increasing the coating
thickness from 100 um to 300 um. Using the carrier gas N2 and coolant as the conditions
which are sprayed coatings exhibited higher AT values than the conventional

coatings(e.g., O2 as the carrier gas). For 300 um thick coatings, the AT value at the
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stable phase of the Er.Os coating increased by 43.1 % compared with that of the
thickness of the 100 um coating with the same spray conditions(sample (b) and (d)). It
means that the thickness as the factor, which can be affected the thermal insulation
capability in this study. From table 8-5 and 8-7, the thermal conductivity values of 300
um coatings are larger than the thickness of the 100 um coating in all of the samples.
Generally, the factors affect coating thermal conductivity are mainly determined firstly
by the spray conditions such as types of coating, sprayed with raw materials size and
heat flow direction, and secondly by the coating microstructure such as pore
characteristics and moisture ratio. Based on the above, two groups, the sample (b), (c),
and sample (d), (e) were sprayed with the same conditions, hence, it can be considered
that the coating microstructure affects the thermal conductivity values. To explain the
phenomenon, two effects could have happened during the thermal insulation test. First,
the spray flame with H»-O-, result in the moisture generated during the spraying, thus,
when there is moisture(including water vapor) in the pores of the coating, the diffusion
of steam in the pores or gaps and the movement of water molecules will play a major
role in heat transfer, which is responsible a significant increase in its effective thermal
conductivity. The other effect to consider is the thick coating with more pores or gaps,
thus, during the deposition processes with the chemical reaction of EDTA: Er- H, and
it can be represented by Eq.(4), as shown in follow.

2EDTA Er H + 240,—Er,03 + 20CO; 1 + 13H20 1 + 4NO21 (4)

Hence, as the deposited with each layer or splats which the generated water vapor
might be entering the pores formed in the layer or between the layers, which further
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increases the thermal conductivity values. In other words, it is provided that a new kind
of thermal insulation capability and thermal conductivity test method is feasible in this
study. By depositing on aluminum alloy substrate, successfully synthesized the TBCs
with the thickness of 108-334 um, and have a good thermal insulation capability could
be obtained without bond coating. It could greatly reduce the weight of the hot

components.

Table 8-6 The temperature values of the surface(T1) and backside (T.) at reference

temperature of 400 and 500°C at the rising phase.

Surface  Backside . Surface  Backside

Time ime
(X 10 ms) temperaturetemperature (X 10 ms) temperaturetemperature
(T1/°C)  (T2/°C)

(T1/°C)  (T2/°C)

Sample

(d) 858 404.1 159.6 - - -
(e) 539 400.3 139.5 845 502.0 154.6

Table 8-7 The results of each sample at the stable phase.

Ti Surface Backside Thermal
Sample (x ; Bne ) temperature temperature  AT(°C)  conductivity
(T1/°C) (T2/°C) (W/(mK))
(d) 1676 500.0 187.7 312 4.56
(e) 1764 601.1 182.4 418 2.57

8.4 Conclusions

A variety of types thick Er.Os coatings were synthesized from a metal-EDTA
complex using a flame-spraying system. By varying the spray conditions, the cross-

sectional porosity of the deposited TBCs could be varied from 7.7 % to 28.3 % and
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16.9 % to 25.5 % in thickness of 100 um and 300 pm, respectively. As a new TBC
material, Er.Os exhibits a better thermal insulation capability. For the coating with a
thickness of 300 um, exhibits higher AT value, which increases by 43.1 % compared
with that of the thickness of the 100 um coating with the same spray conditions. In
addition, it exhibited low thermal conductivity, decreasing from 4.56 Wm™K* with
the porosity of 16.9 % to 2.57 Wm™K with the porosity of 25.5 % at the stable
phase(500 C and 600 ‘C) have been systematically investigated. This study provides
a new idea of the test method, which can be measured that thermal conductivity and
thermal insulation capability have been discussed. Therefore, it is expected that the
expanded and deepened in further studies with deposited TBC on the lightweight

metal.
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Chapter 9

General conclusions

In this study, metal oxides were synthesized from metal-ethylenediaminetetraacetic
acid (EDTA) complex using the flame spraying method. From this method, two types
of coating such as ErO3 and Y203 were deposited on the different materials, among
them are optical materials (quartz glass), and another one of metal materials with high-
temperature sensitivity such as aluminum alloy which was selected as the substrate.
And through the studies have been based on comparisons between coatings produced
from different spray conditions with substrate temperature, types of carrier gas and
powder feed ratio which did allow to demonstrate that a relationship exists between the
size and shape of the pore, as well as the nature porosity, and the thermophysical
properties, the estimation of the amount of the formed pores in the coating relationship
with the thermal insulation capability as well as the thermal conductivity is the focus
of the thesis. The most important conclusions obtained in this study were summarized
as below:

In Chapter 2, the two types of metal-oxide coatings of Y203 and Er,O3 were deposited
on stainless steel substrates using various gases such as nitrogen, commercial air
(nitrogen and oxygen), and oxygen as the carrier gas and a mixture of H2-O2 as the

combustion gas. By varying the carrier gas, the microstructure with cross-sectional
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porosity of the deposited metal-oxide coatings which could be different from 3% to
23.4%. It was found that O> was the better carrier gas for fabricating dense metal oxide
coatings at low costs by the synthesis. On the other hand, in the case of N> as the carrier
gas to synthesis the coating shows the high porosity with 23.4%, therefore, the
temperature of the inflight particles can be affected the microstructure with coating.
Based on the study, it provides a new idea for the design of coating structures for the
subsequent study.

In Chapter 3, two series of experiments were performed to study the cross-sectional
structure of ErO; coatings deposited by the chelate-flame spraying method. First,
ErOs coatings were sprayed on substrates with different materials, i.e., quartz glass,
stainless steel (304), and aluminum alloy (A5052). From microstructure and obtained
the images were analyzed by image analysis software, the result shows that more
density ErOs coatings with the porosity of 1.6% on the quartz glass, and a typical
lamella structure was observed in Er;O3 coating with the aluminum alloy as the
substrate. And second, deposited the Er,O3 coating with the various sizes on the three
types substrate, and then characterizing the coating thickness, microstructure, the
results suggested that the solidification speed of the molten particles deposited on the
substrate may be related to the physical properties of the substrate material itself. From
this study, the chelate thermal spraying method has been found and exhibited great
advantages in depositing ceramic coatings on optical materials and low melting metals.

In Chapter 4, flame sprayed ErOs splats directly deposited on mirror polished
aluminum alloy substrate with different spraying conditions and deals with the
quantitative characterization of spreading, morphologies of the splats. And using the
rotation apparatus with 12-hedron, combine the rotation speed to reduce the substrate
temperature. The results suggested that the influence of in-flight particle temperature
and velocity, substrate temperature, carrier gas types, and carrier gas ratio on the
solidification mechanism of molten droplets. In particular, A spraying method
combined with multi-dimensional modes is proposed to control the morphology of
splats.

In Chapter 5, the yttrium-oxide(Y203) coatings synthesized using the various size
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raw materials with the metal-EDTA complex by flam-spraying method. The heat-shock
properties of deposited Y203 coatings on the stainless-steel substrate were investigated.
From the characterizing, the coating thickness, crystal structure, and microstructure
(surface and cross-sectional) exhibit a high plasma resistance by the cyclic thermal
shock test. The Y.O3; coatings have great potential in thermal properties with the
application.

In Chapter 6, Y203 coatings were synthesized on an aluminum alloy substrate
directly using a flame-spray method with an H>-O> flame. The crystalline structure and
element diffusion analysis of the coating was performed by using a combination of FE-
SEM, TEM, EDX, and XRD as well as annealing tests. The results suggested that the
nanolayer of MgO would have a role in the Y203/ aluminum alloy joining formed from
the EDTA-Y-H complex and exhibit strong adhesion and thermal shock properties. It
is provided that a new spraying method for the application of aluminum alloy in high
temperature resistance.

In Chapter 7, microstructures and thermal insulation capability of chelate flame-
sprayed erbium oxide (Er,O3) and yttrium oxide (Y203) coatings were directly
deposited with the suitable controlling spray conditions on aluminum alloy (A5052)
substrate have been investigated. The results show that the Y203 coatings had higher
thermal insulation capability than the Er2Os coatings by the steady-state test. It is worth
noting that the thermal insulation capacity of the Y203, Er,O;3 coatings synthesized by
the cooling substrate with liquid nitrogen method is improved. For the thicknesses of
90 — 128 pum and cross-sectional porosity of 12-33 % Y203 coatings, the temperature
drop (AT¢=37 C) of the coarse-voids-structure Y>03 coating at 440 ‘C and upgrade
from 0.10 to 0.32 of ATt per unit micron (‘C/pm).

In Chapter 8, The thermal insulation capability, thermal conductivity, microstructure,
porosity, and splats of these two kinds of coatings with thickness were investigated. The
coating with thickness of 300 um, exhibits higher AT value, which increases by 43.1 %
compared with that of the thickness of the 100 pm coating with the same spray

conditions. It exhibited low thermal conductivity, decreasing from 4.56 Wm™'K™! to 2.57
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WmK! at the stable phase(500°C and 600°C), which is mainly due to its special
microstructure with more mesh-splats, higher porosity(28.3%). It can be provided a
new idea of test method, which can be measured that thermal conductivity and thermal
insulation capability.

In conclusion, we are using the chelate flame spray method to synthesis various types
of structure of metal-oxide coatings such as thick, densification, and porous. Hence,
this method can be suitable for coating structure design with multiple requirements.
Moreover, the chelate flame spray method provides that not only the synthesized the
metal-oxide coating exhibit the excellent performance in thermal insulation but also is
possible to obtain the thermal conductivity of the coating at different temperature with

can simulate engine working environment.
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