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Abstract: With the development of high-speed and high-temperature equipment, thermal
barrier materials are facing increasingly harsh service environments. The addition of
YAG to Y,Hf,O7 has been proposed in order to improve its long-term high-temperature
performance. In this work, Y,Hf,O7/Y3Al;012 composite powders were synthesized by
combustion synthesis with urea, glycine, EDTA, citric acid, and glucose as fuels, while
hafnium tetrachloride, yttrium nitrate hexahydrate, and aluminum nitrate nonahydrate
were used as raw materials. The effects of fuels on the morphology and phase composition
of synthetic powders were studied. Chemical reaction kinetic parameters were established
by the Kissinger, Augis and Bennett, and Mahadevan methods. Y,Hf;O7 and Y3Al501,
are the main components in the powders synthesized with urea as fuel, while YAIO;
and Y,Hf,O7 are the main phases with the other fuels. SEM and TEM analysis reveal
that the powders prepared by the solution combustion method exhibit a typical porous
morphology. When urea is used as fuel, the powders show a uniform elemental distribution,
distinct ceramic grain crystallization, clear grain boundaries, and a uniform distribution of
alternating grains. Compared to several other fuels, urea is more suitable for the preparation
of Y,Hf,O7/Y3Al501 composite powders. In the process of preparing powders with urea,
the activation energies for the combustion reaction calculated using the three methods
are 100.579, 104.864, and 109.148 kJ-mol !, while the activation energies related to crystal
formation are 120.397, 125.001, and 129.600 kJ-mol !, respectively.

Keywords: Y,Hf,Oy; microstructure; activation energy; solution combustion synthesis;
thermal properties

1. Introduction

In recent years, as performance requirements for aircraft engines have continued to
rise, the working temperature of thermal barrier coatings has also increased [1,2]. Yttria-
stabilized zirconia (6-8 wt% YSZ) is currently the most widely used material for thermal
barrier coatings. However, at temperatures above 1200 °C, it becomes unstable due to
phase transformation and its reduced resistance to sintering [3,4]. These issues ultimately
lead to the failure of thermal barrier coating materials.

Studies have revealed that hafnates have greater melting temperatures and better
phase stability than zirconates [5]. Fluorite-structured yttrium hafnate (Y,Hf,O7) is well
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known for its high melting point, low thermal conductivity, and superior thermal insulation
capabilities [6]. Using the solution combustion synthesis (SCS) approach, Liao et al. [7]
synthesized Y,Hf,Oy powder with Y(NO3); and HfO(NO3), as raw materials and glycine
and urea as fuels. The research group previously used Y(NOj3); and HfCl as raw mate-
rials, CH4N,O as the fuel, and employed the SCS method to prepare Y,Hf,O; powder.
Testing of the thermal protective and ablation resistance properties of Y,Hf,O7 indicates its
potential as a thermal barrier coating material [8,9]. However, yttrium hafnate ceramics
are prone to fracturing during preparation and long-term high-temperature service, which
limits their development. Yttrium Aluminum Garnet (YAG, Y3Al5017) is an oxide ceramic
with excellent creep resistance [10]. Nd-doped YAG single crystal has become the most
commonly used solid-state laser material [11]. It is a crucial ceramic material because of its
excellent optical properties, thermal stability, and high strength. Research has successfully
developed multi-phase ceramics containing YAG phases, significantly improving their me-
chanical properties compared to the original ceramics [12,13]. Therefore, YAG is proposed
to enhance Y,Hf,0Oy, thereby expanding its high-temperature application potential.

The properties of the initial powder significantly impact the quality of the sintered
ceramics. Therefore, preparing high-performance powders is a critical step in the ceramic
fabrication process [14]. SCS is a technique used to rapidly synthesize oxide powders with
a high surface area at relatively low temperatures [15]. It utilizes the exothermic reaction
between an oxidizer (such as a metal nitrate) and organic fuels (such as urea, citric acid, and
tartaric acid) to release a large amount of heat energy for synthesizing high-performance
powders. The combustion reaction typically lasts several minutes, reaching temperatures
as high as 2000 K [16,17]. During the combustion reaction, a significant amount of gases
such as CO,, H,O, H;, N3, and CO are produced, resulting in the synthesized powder
exhibiting a foamy or sponge-like porous structure [18,19]. Apart from the SCS method,
other techniques for producing oxide ceramic powders include mechanical synthesis [20],
a gas-phase reaction [21], the precipitation method [22], etc. Extensive ball milling is nec-
essary for mechanical synthesis, which makes it challenging to establish a homogeneous
chemical composition and means that the method is prone to the introduction of contam-
inants. Gas-phase methods require high temperatures for powder synthesis. Although
precipitation methods can produce powders with uniform particle sizes, they are time-
consuming [14]. Compared to other powder synthesis methods, SCS can rapidly produce
uniform, high-purity, or evenly doped ceramic powders. It also offers the advantages of
simplicity and low cost, making it widely favored for powder preparation [15-19,23,24]. In
addition, thermal barrier coating materials are typically applied using the plasma spraying
method. Existing studies have shown that, compared to the co-precipitation method, mate-
rials prepared using the SCS method for plasma spraying offer advantages in terms of their
high temperature, duration of drying, and calcination [25].

It is a challenge to regulate the product’s homogeneity because of the intricacy of
the SCS process and the lack of knowledge surrounding synthesis mechanisms [26]. As a
result, research on the kinetic processes of SCS for powder production has started. Kumar
et al. successfully synthesized pure nickel nanoparticles using nickel nitrate and glycine as
raw materials via SCS [27]. Furthermore, they conducted TGA-DTA thermal analysis on
their precursor and determined the activation energy of the reaction in the nickel nitrate—
glycine system using the Kissinger method. Using the Merzhanov-Khaikin approach,
Amirkhanyan et al. determined the activation energy of the SCS reaction in systems with
nickel nitrate as the oxidizer and either glycine or hexamethylenetetramine as the fuel [26].
Activation energy is a key parameter in thermal analysis kinetics studies, reflecting the
energy barrier that must be overcome for a reaction to occur [28]. It varies significantly
between different substances in thermal analysis. The materials’ intrinsic characteristics,
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along with the type and concentration of the substances involved in the chemical reaction,
all influence the reaction. Accurate thermal analysis data provides valuable information
about the reaction. Experimental conditions, parameters, and analytical techniques signif-
icantly impact the calculation of the activation energy [29]. The choice of mathematical
model used also plays a critical role in this calculation. Therefore, determining activation
energy in thermal analysis requires the consideration of various factors. In this study, the
TG-DTA thermal analysis method, combined with three classical models, was used to
perform thermal and kinetic analysis in order to determine the activation energy of the
chemical reaction.

In this work, urea, glycine, EDTA, glucose, and citric acid were separately used as
combustion agents to synthesize Y,Hf,O7/YAG composite powders using the SCS method.
Thermal analysis and Fourier-transform infrared spectroscopy (FTIR) were conducted
on the precursors prepared with distinct combustion agents. The phase structure and
microstructure of the powders were analyzed. Based on the above analysis, we selected the
most suitable fuel for the preparation of Y,Hf,O7/YAG powders. In order to understand
its reaction process and mechanism, the Kissinger, Augis and Bennett, and Mahadevan
methods were used to calculate the activation energy during the combustion reaction of
the optimal fuel.

2. Material and Methods
2.1. Sample Preparation

The Y,Hf;,O7/YAG composite powders were prepared using the SCS method.
Hafnium chloride HfCly (99.9%) was dissolved in deionized water and the addition of
ammonium hydroxide (A.R.) resulted in the formation of a white flocculent precipitate.
The solution was centrifuged for 5 min at 5000 rpm to separate the precipitate from the
solvent. The precipitate was subsequently washed three times with distilled water. This
operation aimed to remove chloride ions (C1™) from the solution. Then, we added an
excess of nitric acid (A.R.) to dissolve the precipitate and the solution became strongly
acidic. Yttrium nitrate Y(NO3)3-6H,0 (99.99%) and aluminum nitrate AI(NO3)3-9H,0
(A.R.) were dissolved in solution along with distinct combustion reagents. The combustion
reagents included urea (A.R.), glycine (A.R.), EDTA (A.R.), glucose (A.R.), and citric acid
(A.R.). The target Y,Hf,O7/YAG composite powder had a molar ratio of 1:1 between YAG
and Y,Hf;O7.The mass of hafnium chloride, yttrium nitrate, and aluminum nitrate were
calculated according to the stoichiometric ratio, and the masses of combustion reagent
were calculated according to the total value of the oxidant and reducing agent in the redox
reaction. Taking urea fuel as an example, the stoichiometric amount of urea is calculated
from the combustion reaction equation as shown in Equations (1) and (2). We added the
combustion agent at 1.2 times the calculated value to ensure sufficient heat release for
the reaction .

3Y(NO3); + 5AI(NO3); + 20CH N0 — Y3 AlsO1p +20CO, 1 + 32N5 1 + 40H,0 1 (1)

6Y(NO3); + 6Hf (NO3), + 35CHyN,O — 3Y, Hf,07 +35C0O, 1 + 56N, 1 + 70H,0 1 )

The solution was put in an oxidizing furnace preheated up to 450 °C, and was taken out
after about 20 min. When the excess water was evaporated, intense combustion occurred,
and fluffy powders were obtained. The specimens obtained using urea as the combustion
agent were white, while the rest were black or gray in color (shown in Figure 1). The
powder obtained at 450 °C was then heat-treated at 1000 °C for 2 h. Ceramic bulk was
prepared by the solid-state sintering method. The mixed powders were ball-milled before
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being pressed. After ball milling, the composite powders were pressed to form ceramic

green bodies. Finally, the ceramic green bodies were sintered without pressure at 1600 °C

T
(2)

in air for 10 h.

Figure 1. Visual representation of powders obtained from combustion using distinct combustion
agents at 450 °C. (a,b) Urea, (c) glycine, (d) EDTA, (e) glucose, and (f) citric acid.

2.2. Sample Characterization

The phase composition of the samples was determined by X-ray diffraction with
Cu Ka radiation (XRD, D8 Advance; Bruker, Berlin, Germany). Their morphologies and
microstructures were characterized by a scanning electron microscope (SEM, GeminiSEM
360; Zeiss, Jena, Germany) and a transmission electron microscope (TEM, JEM-F200; JEOL,
Tokyo, Japan) equipped with energy-dispersive spectroscopy (EDS) capabilities. Before the
SEM testing of the ceramics, the specimens were polished with 1 um diamond paste and
then thermally etched for 1 h at 1500 °C in air. The thermal analysis curves of the samples
were measured in an oxygen atmosphere using a synchronous thermal analyzer (TG-DTA,
ZRP-S; Jing Yi Gao Ke, Beijing, China) at a heating rate of 10 °C/min from room temperature
to 1000 °C. For the calculation of the activation energy, the powder prepared with urea
as the combustion agent was measured at heating rates of 5, 10, 15, and 20 °C/minute.
During the experiment, the same batch of samples was used, with comparable masses and
proportions. A Shimadzu IRTracer 100 (Kyoto, Japan) measured the Fourier-transform
infrared (FTIR) spectra of the samples in the range of 400-4000 cm~!. The chemical bonds
of the as-synthesized powders were identified by X-ray photoelectron spectroscopy (XPS,
EscaLab Xi+; Thermo Scientific, Waltham, MA, USA). The precursors used for the thermal
analysis, FTIR, and XRD tests were obtained as follows: the solution (with organic fuel
added) was placed in an oven at 80 °C to remove the moisture. The obtained dry gel was
used for testing. During thermal analysis, the precursor was uniformly mixed evenly with
aluminum powder in equal proportions before being placed into the crucible. This made
the combustion reaction less intense during the testing process. During the TG-DTA testing
of precursors using different combustion agents as fuels, the specimen mass of urea as the
fuel precursor was halved compared to the other samples to minimize errors caused by its
more intense reactions.
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2.3. Kinetic Method for Thermal Analysis

The general equation representing the “Arrhenius temperature dependence” of the
rate constant in heterogeneous kinetics, when the heating rate is constant [30], is shown in
Equation (3)

5 = 5 W ©

In the equation, a represents the conversion rate of the sample at a certain time, A is
the pre-exponential factor, 8 (8 = dT/0t) is the heating rate, T denotes the temperature in
Kelvin, R is the gas constant, E, stands for the activation energy of the reaction, and f(«)
is the kinetic model function that describes the physicochemical or physicogeometrical
mechanism of the reaction.

Based on the basic kinetic formulas mentioned above, numerous scholars have pro-
posed many different methods for calculating the kinetics of reactions. The following
methods all utilize the relationship between peak temperature (T,) and reaction rate () in
thermal analysis curves to calculate the activation energy of the reaction.

2.3.1. Kissinger Method

The formula for calculating the activation energy using the Kissinger method is given
by Equation (4) [31].

p Eq
Int. =C-— (4)
T2 RT,

where C is a constant and the curve plotted with In 8/ T% as the ordinate and 1/T) as
the abscissa forms a straight line with a slope of —E;/R. The activation energy can be
calculated from the slope of this straight line.

2.3.2. Augis and Bennett Method

According to the Augis and Bennett method [32], the formula for calculating activation
energy is shown as Equation (5).

P Eaq
In—=C-
T, RT,

(5)

where C is a constant. By plotting the In(8/T,) ~ (1/T,) straight line based on the peak
temperature and heating rate, and using the fact that the slope of the straight line is equal
to —E;/R, the activation energy can be obtained.

2.3.3. Mahadevan Method

In the Mahadevan method [33], the formula for calculating activation energy can be

expressed as Equation (6).
E,

ln‘B:C_RTp

(6)

where C is a constant. Similarly to the previous two methods, the activation energy can be
obtained from the slope of the In 8 ~ (1/T}) straight line.

3. Results and Discussion
3.1. TG-DTA Analysis

Figure 2 shows the thermal analysis curves of the precursors synthesized with distinct
combustion agents. The heating rate was 10 °C/min. The TG-DTA curves using urea,
glycine, EDTA, glucose, and citric acid as combustion agents are shown in Figure 2a-e.
The images show that the precursors with different combustion agents exhibit varying
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exothermic and endothermic processes. Below 110 °C, the TG curves for all the samples
show a decline, which can be attributed to the evaporation of adsorbed water.
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Figure 2. Thermal analysis curves of precursors synthesized with distinct combustion agents.
(a—e) TG-DTA curves using urea, glycine, EDTA, glucose, and citric acid as combustion agents, re-
spectively, and (f) TG curves using urea, glycine, EDTA, glucose, and citric acid as combustion agents.

Almost all the samples exhibit exothermic peaks near 150 °C, which may be attributed
to the prolonged low-temperature baking of the samples before testing. During this
process, gelation and chelation reactions in the samples continue, and some fuels may also
undergo decomposition.

The DTA curve with urea as the precursor shows two main endothermic peaks and
two main exothermic peaks in the temperature range of 100-300 °C (Figure 2a). The
endothermic event before 120 °C is likely due to the melting and volatilization of urea
crystals, while the endothermic peak near 206 °C corresponds to the decomposition of the
precursor’s organic compounds. Following these two endothermic peaks, a significant
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weight loss of about 21.4% is observed on the TG curve. The exothermic peaks at 248 °C
and 285 °C represent the latent heat of crystallization released during the oxidation and
crystallization of the precursor organic compounds, accompanied by a mass loss of 43.4%.
The remaining mass at the end of the exothermic reaction, at around 410 °C, is very close to
the final remaining mass, indicating that the combustion reaction is essentially complete by
this temperature. The TG-DTA curve of the glycine group showed a distinct exothermic
peak near 219 °C, accompanied by a mass loss of approximately 47.7% (Figure 2b). This was
attributed to the exothermic reaction involving gelation and chelation. During this stage,
carbon and nitrogen gas compounds were produced, along with some amorphous ceramic
phases. The exothermic peaks around 338 °C and 405 °C correspond to a redox reaction,
which was accompanied by a 28.6% mass loss. At this stage, additional amorphous phases
formed, and weak endothermic reactions, associated with the decomposition of organic
matter, occurred between the exothermic peaks.

The TG-DTA curve with citric acid as the combustion agent shows three distinct
exothermic peaks (Figure 2e). A mass loss of approximately 31.3% occurs during the
gelation process before 200 °C. The exothermic process at 397 °C can be attributed to the
decarboxylation reaction between citrate and air, the volatilization of volatile components
such as NO;3 ™ ions, and the thermal decomposition and spontaneous combustion of the gel,
which releases a large amount of carbon and nitrogen oxides [34]. The exothermic process
at 456 °C may result from the secondary combustion of the solution, accompanied by the
release of latent heat from crystallization. The two exothermic peaks exhibit overlapping
thermal effects, resulting in a mass loss of approximately 37.5%. The TG-DTA curve with
EDTA as a combustion agent is similar to that of citric acid, showing two weak exothermic
peaks at 405 °C and 567 °C with a mass loss of 38.2% (Figure 2¢c). These two main exothermic
peaks are mainly attributed to the decomposition of free EDTA and chelates, respectively.

In the DTA curve with glucose as a combustion agent, exothermic peaks are ob-
served at 155 °C and 425 °C (Figure 2d). The former peak is likely due to the exothermic
gelation process and the degradation of glucose to maltose, during which CO gas is
released [35]. The latter, more pronounced exothermic peak results from the oxidation of or-
ganic matter, accompanied by significant mass loss and the production of CO, NO, NO,, and
other matter.

According to the TG-DTA results, except for in the urea group, obvious exothermic
reaction and weightlessness occurred after 300 °C, indicating that the oxidants and reducing
agents have not fully reacted in the other reactions. Moreover, as shown in Figure 2, among
the five combustion agent groups, the mass losses associated with the exothermic peak
dominated by combustion are 43.4% (urea), 47.7% (glycine), 38.2% (EDTA), 22.1% (glucose),
and 37.5% (citric acid), respectively. The urea group also shows a steeper curve, indicating
that the sample reacts more violently during the combustion process (Figure 2a). In
the actual process of the solution combustion method, the urea group has the longest
combustion duration and the most intense combustion, while other groups, especially the
glucose group, have weak combustions, which may be caused by the insufficient formation
of energetic chelates. Overall, the samples prepared with the five distinct combustion
agents experienced considerable mass changes, with total weight loss ranging from 67% to
80%. It can be seen that the remaining mass of the urea group is the first to remain constant,
followed by the glycine group (Figure 2f). The urea group completes its combustion reaction
first and burns more completely. At 450 °C, the combustion reactions of the precursors
prepared with the five combustion agents were nearly complete. Therefore, 450 °C was
chosen as the synthesis temperature for the composite powders.
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3.2. Analysis of Fourier-Transform Infrared Spectroscopy

The FTIR spectra of precursors prepared with distinct combustion agents are shown
in Figure 3. The spectra indicate that some peaks of the five precursors are quite similar,
suggesting that their functional group compositions are closely related. The strong and
broad absorption peaks observed between 3000 and 3600 cm ! in the FTIR spectra of the
five precursors are most likely caused by the vibration of O-H bonds [36,37]. The peaks
between 400 and 600 cm~! may arise from chemical bonds formed between metals and
oxygen in the precursor materials [19]. The peak at 1633 cm~! may be related to the C=O
bond in the fuel [38]. The absorption bands at 1382, 1043, 908, and 817 cm~! are most
likely generated by the presence of NO;~ [19,38]. Furthermore, the peaks at 1633 cm ™!
and 1382 cm ™! in the spectra obtained using glycine, EDTA, and citric acid as combustion
agents may also be associated with the antisymmetric and symmetric stretching vibrations
of COO™ [18,39]. The small absorption peak at 1477 cm ™! in the FTIR spectra using
urea, glycine, and EDTA as combustion agents may be attributed to the presence of C-N
bonds [38,40]. The absorption peak at 1584 cm ! in the precursor with urea as a combustion
agent may be related to NHj [41].

1477 1043 o
1633f 1382 f #7817
Urea b i
| 11
[~ — 1584W
Glycine P i
I~ |

Transmittance (%)

4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wave number ( cm‘l)

Figure 3. FTIR spectra of precursors prepared with distinct combustion agents.

3.3. Analysis of Microstructure and Morphology

Figure 4 depicts the XRD patterns of the precursor with urea and the as-synthesized
samples prepared with various combustion agents at 450 °C. As shown in the diagram,
the precursor obtained with urea as a fuel exhibits an amorphous form, and the pow-
ders synthesized at 450 °C show strong diffraction information. Except for urea, the
other diffraction patterns show broad peaks in the 25-35° range. This amorphous signal
may result from the superposition of amorphous carbon and amorphous ceramics. The
results show that all products, except for that with urea as its combustion agent, are amor-
phous. This indicates that urea has a higher combustion heat, providing more energy for
precursor crystallization.
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Figure 4. XRD patterns of precursor with urea and as-synthesized samples prepared with distinct
combustion agents at 450 °C.

Figure 5 shows the XRD patterns of powders formed at 450 °C using fuels (urea,
glycine, EDTA, glucose, and citric acid) following 1000 °C heat treatment. In comparison
with Figure 4, all the powders show distinct diffraction peaks after heat treatment. The
samples’ phases were detected using the search match tool X'Pert HighScore Plus (Philips,
Eindhoven, The Netherlands) for XRD patterns. The peaks appearing in the prepared
powder (urea fuel) can be well indexed to Yttrium Hafnium Oxide (Y,Hf,Oy, 00-024-1406)
and Yttrium Aluminum Oxide (Y3Al501,, 01-072-1315). The peaks observed in the other
prepared powders (glycine, EDTA, glucose, citric acid fuels) can be well associated with
Yttrium Hafnium Oxide (Y,Hf,O7, 00-024-1406) and Yttrium Aluminum Oxide (YAIO3,
01-074-1334). Based on the XRD patterns, the crystalline grain size (D) of the powders with
urea, glycine, EDTA, glucose, and citric acid as fuels were calculated as 20.5, 6.6,7.8, 7.2,
and 7.2 nm, respectively, utilizing the Scherrer equation (Equation (7)) [42].

KA
~ Bcosh

@)

Some investigations have demonstrated that YAG precursors can create intermediary
phases such as YAIO; (YAP) and Y4Al,O9 (YAM) during the calcination process before
transforming into the YAG phase via particular processes. It has also been found that
increasing the calcination temperature can increase the content of the YAG phase while
reducing the content of the YAP phase. When the temperature is raised to 1200 °C, pure-
phase YAG powder can be obtained [43,44]. Based on the above literature and the XRD
patterns (Figures 4 and 5), it can be concluded that when urea is used as a combustion
fuel to synthesize the powder at 450 °C, a considerable amount of heat is generated. This
combustion reaction releases significant heat, potentially causing the temperature to exceed
1200 °C. In contrast, the powders synthesized at 450 °C with other fuels were amorphous,
indicating that the combustion reactions released significantly less heat compared to urea
as a fuel.

Figure 6a—e shows the SEM images of the YoHf,O7/YAG powders before and after heat
treatment at 1000 °C. Among them, the SEM images after heat treatment are shown within
the black boxes. The images show that the powders synthesized using these five types of
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combustion agents all exhibit the typical porous morphology of powders synthesized by
SCS. During the synthesis process, the combustion reaction is rapid and intense, producing
a considerable amount of heat and releasing significant amounts of gases such as CO,, H,O,
and N, thereby forming fine porous particles. A comparison of the microstructures before
and after heat treatment reveals that the powders manufactured with urea as a combustion
agent exhibit no discernible changes. However, when powders are manufactured using
the other combustion agents, the agglomerated particles become loose and porous, and
the particle size drops dramatically after heat treatment. This is related to the oxidation
and release of residual carbon during the heat treatment process, resulting in particle
structure change. The EDS data of the powders synthesized with different fuel after heat
treatment are shown in Figure 6. The spectra indicate the presence of four elements in
all the powders—O, Al, Y, and Hf—with no other impurities detected. Figure 7 shows the
high-resolution SEM images and EDS compositional mappings of the powders prepared at
450 °C. The images show that the powders prepared by the solution combustion method
have a uniform distribution of elements.

*Y,Hf,0, . YAG:Y,Hf,0,=1:1
*YAG g ~ 1000°C-2h
0 YAP 2% 4 4
~ = ggﬁ ~ o~ g A~
=S v TR R RIvS B Urea
“ ~
N’ A —
> 2 > %
= Ty 83 53 =~ 8%
g S\ 3¢ & 35_2.5: =378 Glycine
N i [\ N

EDTA

|

A\ Glucose
A Citric acid

10 20 30 40 50 60 70 80
2 Theta (deg.)

f > > 3<(002)

I3

Figure 5. XRD patterns of samples obtained with different fuels after heat treatment at 1000 °C for 2 h.

The microstructures and compositional uniformity of the specimens were analyzed by
a TEM. The TEM images of the Y,Hf,O7/YAG composite powders synthesized at 450 °C
with urea and glycine as fuels are presented in Figure 8a,b. The electron diffraction pattern
(Figure 8b attachment) shows a diffuse scattering halo, which is characteristic of typical amor-
phous materials. This verifies that the composite powder is amorphous, which is supported
by the XRD investigation (Figure 4). The EDS mapping images of the powder synthesized
using urea at 450 °C (Figure 8c) clearly show that various elements are evenly distributed in
the sample. Figure 8d,e show high-resolution TEM images of the powders synthesized using
urea and glycine as fuels after heat treatment at 1000 °C. The heat-treated powders exhibit a
periodic lattice structure. In the powder using urea as fuel (Figure 8d), the lattice spacings of
0.305 nm and 0.178 nm correspond to the (111) and (220) crystal planes of Yttrium Hafnium
Oxide (Y,Hf,07, 00-024-1406), and the lattice spacings of 0.494 nm and 0.267 nm correspond
to the (211) and (420) crystal faces of Yttrium Aluminum Oxide (Y3Al501,, 01-072-1315), re-
spectively. The lattice spacings of 0.306 nm and 0.259 nm in the powder using glycine as fuel
(Figure 8e) closely match the (111) and (200) crystal planes of Yttrium Hafnium Oxide (Y,Hf,Oy,
00-024-1406). The lattice spacings of 0.534 nm, 0.311 nm, and 0.270 nm have a strong match
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with the (002), (100), and (102) crystal planes of Yttrium Aluminum Oxide (YAIO;, 01-074-1334),
respectively. The conclusions from the high-resolution TEM images are consistent with the
results of the XRD spectra analysis (Figure 5).
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Figure 6. SEM images and EDS data of Y,Hf,O;/YAG powders. (af) Urea; (b,g) glycine;
(c,h) EDTA; (d,i) glucose; (e,j) citric acid. (a—e) Before (main) and after (inset, black border) heat
treatment. (f—j) EDS spectra of blue squares in (a—e).

Figure 7. SEM images and EDS compositional mappings of powders before heat treatment.
(a,b) Urea and (c) glucose.
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Figure 8. TEM images of Y,Hf,O7/YAG powders and EDS compositional mappings with urea and
glycine. (a,c,d) Urea; (b,e) glycine; (a—c) before heat treatment; (d,e) after heat treatment.

The XRD, SEM, and TEM images of the ceramics prepared from the powder obtained
with urea as fuel are shown in Figure 9. As shown in Figure 9a, the peaks observed in the
ceramics can be accurately indexed to Yttrium Hafnium Oxide (Y,Hf,O7, 00-024-1406) and
Yttrium Aluminum Oxide (Y3Al5017, 01-082-0575). And no diffraction peaks of impurity
phases were observed. In Figure 9b, the ceramic grains exhibit excellent crystallization
and well-defined grain boundaries. It can also be clearly seen from the figure that the
YAG grains (black) and Y,Hf,O7 grains (white) are distributed very uniformly. Figure 9¢c
presents the TEM images of the composite ceramic along with the corresponding EDS data.
The EDS images reveal the segregation of elements between different phases. Based on
the previous analysis, it is evident that the regions with higher Al contents correspond to
YAG-rich areas, while regions with higher Hf contents correspond to Y,Hf,O7-rich areas.
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Figure 9. XRD (a), SEM (b), and TEM (c) images of Yo,Hf,Oy/YAG ceramics from powder obtained
with urea as fuel.

3.4. Analysis of X-Ray Photoelectron Spectroscopy

The chemical compositions of the samples synthesized using urea and glycine at
450 °C after heat treatment at 1000 °C were analyzed with XPS. Figure 10a shows the wide
survey scan of the samples. The results show that, in addition to the adventitious carbon,
there are four other elements present: Hf, Al, Y, and O. Detailed information on those
compounds was obtained after the analysis of the Hf 4f, Al 2p, Y 3d, and O 1s regions
(Figure 10b-i).

The XPS spectra of Hf 4f exhibits a double peak due to spin—orbit coupling. The
binding energies of Hf 4f; ,, and Hf 4f5/, for the samples synthesized using urea and glycine
as combustion agents are 16.32 eV and 17.96 eV and 16.15 eV and 17.81 eV, respectively. The
spin—orbit splitting energy of Hf 4f for both samples is approximately 1.6 eV, and the area
ratio of Hf 4f;,, to Hf 4f5, is 4:3. The Hf 4f characteristic peaks of the powders prepared
using these two types of fuels are similar to the characteristic peaks of HfO, [45,46]. The
Al 2p spectral line splits into two lines due to the spin—orbit interaction of Al 2p;,, and
Al 2pq /5. The binding energies of the samples synthesized using urea and glycine as
combustion agents for Al 2p3,; and Al 2py /, are 73.62 eV and 74.07 eV and 73.59 eV and
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74.04 eV, respectively. The splitting energy of both samples is 0.45 eV, and the area ratio of
Al 2p3/, to Al 2py 5 is 2:1. The Al 2p characteristic peaks of the powders prepared with
these two types of combustibles are quite similar to the characteristic peaks of Al,O3 [47].
The Y 3d spectral line splits into two lines due to spin—orbit interaction, namely betwen Y
3ds5/, and Y 3d3/,. The binding energies of the samples synthesized using urea and glycine
as combustion agents for Y 3ds,, and Y 3d3,; are 157.28 eV and 159.32 eV and 157.01 eV
and 159.01 eV, respectively. The area ratio of the split Y 3ds5,, and Y 3dj3,, for the two
samples is 3:2, and the characteristic spectral lines are similar to those of Y,O3 [47,48]. The
O 1s spectra of the powders prepared using urea and glycine as combustion agents can
be deconvoluted into three peaks. Among them, the O 1s peak at 529.6 eV corresponds to
the Hf-O bond [49], the O 1s peak at 530.8 eV corresponds to the Al-O bond [50], and the
O 1s peak at 531.7 eV corresponds to the Y-O bond [48]. The XPS results of the composite
powders synthesized using urea and glycine as fuel are quite similar. YAG and YAP are
both bonded by different ratios of Y,O3 and Al,Os. Y,Hf,Oy is a solid solution formed by
the incorporation of HfO, into the lattice of Y,O3. Therefore, characteristic peaks of HfO,,
Aly,Os3, and Y,03 appeared in the XPS spectra.

(2) —— Urea (b) A4 © X HI 4T
—— Glycine Urea Glycine
3 3 3 17.81 eV
& &£ E
g g z
2 4 g
& £ e i
] £ £ /
1400 1200 1000 800 600 400 200 0 22 20 18 16 14 2 20 18 16 14
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
@ Al2p (e . Al2p ® Y 3d
Urea Glycine Urea
ey -~ _ ‘?‘157.28 eV
3 3 3 R
s i 8 159.32 eV w2, %
z £ z /A
2 4 2 4 1
e i & & § 1
£ S £ £ { %
/ /
J J 3
R I . S ¢mmmwj ......... %mwm»
78 76 74 72 70 78 76 74 72 70 164 161 158 155 152
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
(® - () ® :
Glycine Y34 Urea Ots Glycine ot
?Q:;X P ah
= = £ _ N
3 3 , \ 3 7 §
< < j < / _Les296ev
4 . ! s308ev | w5296V 531.7eV &
% ‘E 5317 eV \ v g. D' T
2 £ 7 \ £ /" /\osso.s %
] & 7 ) e s
£ | Vi i £ f; Y
Y
S \ / L
5 W y &
st TIPSO ”‘”"’M"”“”&y .o}%mw,
538 535 532 529 526 538 535 532 529 526
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 10. XPS spectra of samples synthesized using urea and glycine after heat treatment at 1000 °C.
(b,d,£,h) Urea; (c,e,g,i) glycine; (a) survey; (b,c) Hf 4f; (d,e) Al 2p; (f,g) Y 3d; and (h,i) O 1s.

3.5. Determination of Activation Energy

Based on the aforementioned research, it was found that using urea as a combustion
agent allows for the synthesis of Y,Hf,O7/YAG composite powders with low impurity
contents at relatively low temperatures. Additionally, the two ceramic phases are homoge-
neously mixed. In order to analyze its chemical reaction mechanism, the activation energy
was studied by the thermal analysis method. The precursor synthesized using urea as the
combustion agent was subjected to thermal analysis with different linear heating rates of
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5,10, 15, and 20 °C-min~!. Given the strong dependence of the peak temperature on the
sample mass, great care was taken to ensure that the same mass of the sample was used in
all the experiments.

The DTA curves at different heating rates as a function of temperature are shown in
Figure 11. As the heating rate increases, the temperature corresponding to the exothermic peak
also rises, causing the entire curve to shift to the right. This phenomenon, known as thermal
hysteresis, occurs because the exothermic reaction takes place at higher temperatures when
the heating rate is accelerated. Table 1 presents the kinetic characteristics of two exothermic
peaks at various heating rates, as calculated from the corresponding graph. The activation
energy model variables’ temperature dependency was examined by the use of the Kissinger,
Augis and Bennett, and Mahadevan technique, as seen in Figure 12. The activation energy of
the two exothermic peaks was determined using the three approaches’ calculation formulas
and taking into account the slope of the fitted lines in Figure 12. Table 2 shows a comparison
of the data obtained with several kinetic approaches. The activation energies for the first
exothermic peak obtained using the Kissinger, Augis and Bennett, and Mahadevan methods
are 100.579, 104.864, and 109.148 kJ-mol !, respectively. For the second exothermic peak,
the activation energies are 120.397, 125.001, and 129.600 k]J-mol~!, respectively, using the
same methods. The activation energies calculated by the three methods differ. Nevertheless,
all three methods indicate that the crystallization activation energies of YAG and Y,Hf,O7
crystals are higher than the activation energy of the combustion reaction in the process
of preparing Y,Hf,O7/YAG composite powders with urea as fuel. It can be seen from
Figures 2a and 11 that crystal crystallization occurs shortly after the combustion reaction.
This may be due to the heat released by the combustion reaction, which raises the ambient
temperature and accelerates crystal formation.

* Peakl

e Peak2
_ B 20 °C-min!
- 257.3 %
= 2879 15 °C-min’!
Z 250.9 *
.5)‘ 285.3
5 248.7 % 10 °C*min”
~—
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Figure 11. The DTA curves with different heating rates as functions of temperature.
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Table 1. The kinetic parameters of the two endothermic peaks under different heating rates.

K1) (TK“; (10{’; m Ly T I Ingg)
Peakl 5 502.95 1.988 —10.832 —4.611 1.609
10 521.85 1.916 —10.212 —3.955 2.303
15 524.05 1.908 —9.815 —3.554 2.708
20 530.45 1.885 —9.552 —3.278 2.996
Peak2 5 541.25 1.848 —10.978 —4.684 1.609
10 558.45 1.791 —10.348 —4.023 2.303
15 561.05 1.782 —9.952 —3.622 2.708
20 568.75 1.758 —9.691 —3.348 2.996
(@) (b)
2 375F y=-13.12826x+27.66907 a 375F y=-15.58820x+30.38143
E 3.00 L R?=0.94501 = 300k R?=0.96226
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Figure 12. Temperature dependence of model variables pertaining to activation energy found by
using Kissinger, Augis and Bennett, and Mahadevan methods. (a) Peakl and (b) Peak2.

Table 2. A comparison of the results obtained from different methods of dynamic analysis.

Methods E1/(kJ-mol—1) E»/(k]J-mol—1)
Kissinger 100.579 120.397
Augis and Bennett 104.864 125.001
Mahadevan 109.148 129.600

4. Conclusions

Y,Hf,07/YAG composite powders were synthesized using the SCS method with fuels
such as urea, glycine, EDTA, glucose, and citric acid. TG-DTA and FTIR analyses were
conducted on the precursors. Additionally, we characterized the prepared Y,Hf,O7/YAG
composite powders or ceramics using XRD, a SEM, a TEM, and XPS. The powders syn-
thesized with distinct fuels all exhibited the typical porous morphology. The XPS results
indicate that the powders prepared using glycine and urea as fuels are HfO,-Al;,O3-Y,03
systems after heat treatment. XRD and TEM analyses reveal that only the powder produced
with urea as the fuel forms a composite of Y,Hf,O; and YAG phases. The powders pro-
duced with the other fuels are all made up of Y,Hf;O; and YAP phases. When urea is used
as the fuel, the powdered elements are evenly distributed, the ceramic grains crystallize
well, the grain boundaries are clearly defined, and the two phases, YAG and Y,Hf,0y,
are uniformly interspersed. Compared to several other combustion agents, urea has been
found to be the most effective fuel for synthesizing Y,Hf,O7/YAG composite powders. The
TG-DTA curve of the precursor using urea as its combustion agent displays two exothermic
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peaks. The first peak is likely attributed to the combustion reaction, while the second peak
may be linked to the crystallization process. The values of the activation energy for the
first exothermic peak calculated using the Kissinger, Augis and Bennett, and Mahadevan
methods are 100.579, 104.864, and 109.148 kJ-mol 1, respectively. For the second exothermic
peak, the activation energies are 120.397, 125.001, and 129.600 kJ-mol 1, respectively. It is
evident that there are differences in the activation energies obtained through these three
methods. However, all the methods indicate that the activation energy for the combustion
reaction is lower than that required for crystal formation.
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