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Abstract

Ceramic matrix composites (CMCs) are extensively utilized in aero engines due to their
high-temperature stability; however, they are prone to environmental corrosion at high
temperatures, and environmental barrier coatings (EBCs) are necessary to resist oxidation
and corrosion. Among various EBC materials, AlTaOy offers high cost-effectiveness and
low thermal expansion coefficients (TECs), but its resistance to SiO, erosion and high-
temperature stability remain unclear. We investigated the influences of SiO, additions
on the structures and thermal properties of AlTaOy4; and AlTaO,; mixtures containing
10 wt.% SiO, were kept at 1400 °C for 30-120 h. AlTaOy4 exhibited excellent high-
temperature phase stability, and SiO, dissolved into AlTaOy to generate a solid solution.
XRD Rietveld refinement was employed to confirm the position of Si in the lattices, while
SEM and EDS characterizations demonstrated the homogeneous distribution of Si, Al, and
Ta elements. At 1200 °C, the TECs of SiO5-AlTaOy4 (4.65 x 107¢ K~1) were close to those of
SiC (4.5-5.5 x 107% K~!). Additionally, the addition of SiO, could reduce TECs of AlTaOy,
a feature that helped alleviate the interface thermal stress between AlTaO, and the Si bond
coat in the EBC systems. At 900 °C, the thermal conductivity was reduced by 26.9% com-
pared to that of AITaOy, and the lowest value was 1.65 W-m~!-K~1. Accordingly, SiO, will
enter the lattices of AlTaOy after heat treatments at 1400 °C, and SiO, additions will reduce
the thermal conductivity and TECs of AlTaO,, which is beneficial for its EBC applications.

Keywords: EBCs; thermal conductivity; thermal expansion; SiO, chemical compatibility

1. Introduction

With the continuous developments in aero engine technology, the turbine inlet tem-
perature of advanced aero engines has risen to 1600 °C, which exceeds the melting points
of high-temperature nickel-based alloys [1-3]. Ceramic matrix composites (CMCs) exhibit
excellent high-temperature stability and can withstand long-term exposure to tempera-
tures of up to 1600 °C, leading to their performance being significantly superior to that
of nickel-based alloys [4-7]. The applications of CMCs can effectively enhance engine
thermal efficiency and reduce cooling air demand. Using CMCs to manufacture engine
turbine components can reduce the weight by 50%—67%, which significantly lowers engine
weight and further improves aircraft fuel efficiency [8]. For example, SiC fiber-reinforced
SiC (SiCy/SiC) composites have a density of approximately 2 g-cm 3, which is much less
than that of high-temperature alloys [3,9-14]. Some CMCs can achieve twice the strength
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of nickel-based alloys and combine high specific strength and specific modulus. Therefore,
CMCs can withstand high stress and maintain good mechanical properties in the harsh
engine environment.

In the actual operating conditions of gas turbine engines, CMCs operate in air at tem-
peratures exceeding 1200 °C, where they react with environmental dust (primarily calcium-
magnesium-alumino-silicate (CMAS) [15-18], fuel impurities, and high-temperature water
vapor, and a SiO, passivation layer is formed [19]. The dense SiO; layer is capable of
inhibiting the further oxidation of both the Si bond coat and the CMCs. However, high-
temperature steam induces further corrosion of SiO,, resulting in the formation of volatile
Si(OH)4 and subsequent degradation of CMCs [20]. To address this issue, environmen-
tal barrier coatings (EBCs) are applied to the CMC'’s surface to isolate high-temperature
corrosive media [21-23].

EBCs should exhibit low thermal conductivity for protecting the substrate; match
the thermal expansion coefficients (TECs) of the CMCs to avoid coating cracking at high
temperatures [24,25]; possess a high melting point to ensure operations in high-temperature
environments; and exhibit resistance to erosion by CMAS and high-temperature water
vapor [26,27]. Current EBC candidates include aluminates [28,29], phosphates [30-32],
hafnates [33,34], zirconates [35-38], tantalates [39—41], and niobates [42-46]. However, each
of these material systems has inherent drawbacks that restrict their applications [47-50].
Among various materials, AlTaOy is regarded as a promising EBC material, attributed
to its excellent thermal stability, low thermal expansion coefficients (TECs), and superior
mechanical properties [51]. According to the selling prices on the official website of Aladdin
Reagents as of 3 October 2025, 100 g of Al,O3 costs RMB 142.90, but commonly used rare
earth oxides, such as 100 g of SmyO3, are priced at RMB 2829.90, and 100 g of Sc,O3 is
priced at RMB 2758.90. From an economic perspective, AlTaO4 demonstrates significant
advantages compared to RETaO, during the synthesis process [52]. Since the Si bond
coat reacts continuously with oxygen in the environment during long-term service in
high-temperature environments, a thermally grown oxide (TGO: SiO,) layer is gradually
formed. The stability, densification, and bonding state with the top coating of this TGO
layer directly affect the protective lifespan of the entire coating system [53-57]. Therefore,
it is particularly critical to evaluate the interfacial interaction between AlTaO4 and the SiO,
derived from the Si bond coat. Specifically, two key aspects need to be considered: first,
whether the presence of SiO; will form a second phase with AlTaO4 (which may lead to
performance failure), and second, whether the difference in thermal expansion coefficients
between SiO, and AlTaO4 EBCs will affect the structural integrity of AlITaO4 during service.
The chemical compatibility between the two ultimately determines the service performance
of AlTaO4 EBCs under high temperatures.

Thus, this study focuses on 1400 °C (a typical high-temperature service range) and
systematically investigates the chemical reaction behavior between AlTaO, and SiO; at
this temperature. It further evaluates the effects of SiO, introduction and prolonged high-
temperature environments on the applicability of AlTaO4 as EBCs in high-temperature
service scenarios, providing an experimental basis for the subsequent composition design
and process optimization of AlTaO; EBCs.

2. Materials and Methods
2.1. Synthesis of Materials

The pristine powders of TayOs (purity > 99.9%, particle size < 30 um, Macklin,
Shanghai, China) and Al,O3 (purity > 99.9%, particle size < 30 pm, Macklin, China)
were mixed in a stoichiometric ratio and homogenized via wet planetary ball milling at a
rotational speed of 300 r/min for a duration of 12 h. The homogenized slurry was dried in
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an oven at approximately 70 °C for 24 h. After complete drying, the resultant powder was
sintered in a tube furnace under ambient air atmosphere at 1500 °C for a holding time of 6 h.
Subsequently, the sintered powder was removed, ground, and sieved through a 300-mesh
screen to obtain the pristine AlTaO4 powder (purity > 99.9%, particle size < 50 um).

The AlTaO4 powder and SiO, powder (purity > 99.9%, particle size < 30 um, Macklin,
China) were weighed at a mass ratio of 9:1 and homogenized via wet planetary ball milling
at a rotational speed of 300 r/min for a duration of 12 h. The homogenized slurry was
dried in an oven at approximately 70 °C for 24 h. Upon complete drying, the resultant
powder was uniaxially pressed into disc-shaped green bodies with a height of 2 mm and a
radius of 7.5 mm under a pressure of 320 MPa. These green discs were then sintered in a
tube furnace under ambient air atmosphere at 1400 °C for holding times of 30, 60, 90, and
120 h, respectively. In the present study, the samples corresponding to the aforementioned
sintering times were designated as the 30 h, 60 h, 90 h, and 120 h samples, respectively.
The bulk density of the prepared samples was measured using the Archimedes method,
and the porosity (¢) was calculated by comparing the measured bulk density with the
theoretical density.

2.2. Structural Identification

Phase characterization of the sintered samples was conducted using an X-ray diffrac-
tometer (XRD, MiniFlex 600, Rigaku, Tokyo, Japan), and subsequent Rietveld refinement
of the obtained XRD patterns was performed via the General Structure Analysis System
(GSAS-II, SVN version 5455) software to quantify phase composition. For microstructural
and elemental analysis, a scanning electron microscope (SEM, JSM-7800F, JEOL, Tokyo,
Japan) equipped with an energy-dispersive spectrometer (EDS, 6751A-6UUS-SN, Thermo
Scientific, Waltham, MA, USA) was employed to observe grain size, surface pores, and
elemental distribution. The Raman spectrum was measured using a laser confocal Raman
microscope (LABRAM Soleil, HORIBA, Palaiseau, France) with an excitation wavelength
of 532 nm, over the range of 50-1100 cm 1.

2.3. Measurements of Thermal Properties

The TECs of the samples were measured using a dilatometer (DIL 402, NETZSCH,
Selb, Germany) at a heating rate of 5 °C/min. For thermal diffusivity («) testing, a laser
flash apparatus (LFA457, NETZSCH, Germany) was employed, with the measurement
conducted at a heating rate of 10 °C/min. The thermal diffusivity was determined using
the Radiation Pulse correction model available in the system, with a deviation of less than
2%. Three independent measurements were conducted at each point. Due to the extremely
small test error, no explanation was provided in this paper. The thermal conductivity
(k) was further calculated via Equation (1), using the experimentally obtained thermal
diffusivity, density (p), and specific heat (Cp) [58].

k=a-p-Cp 1

3. Results and Discussion
3.1. Crystal Structure

Figure 1a shows the XRD patterns of AlTaO, and SiO; mixtures after heat treatment
at 1400 °C for various durations. The peaks of each sample matched well with the standard
card of AlTaO4 (PDF#01-076-0363), which had a monoclinic phase and space group C2/m.
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Figure 1. XRD patterns of SiO;-AlTaO4 ceramics. (a) 2-Theta = 10-70°; (b) 2-Theta = 27-31°.

The ionic radii of A1%*, Si**, and Ta®* were 50, 42, and 69 pm [59], respectively. The
difference in ionic radii between A3 and Si**, calculated via Equation (2), was 16%, and
that between Ta®* and Si** was 39.13%. XRD results indicated that SiO, had dissolved into
the AlTaOy lattice to form a SiO,-AlTaOy solid solution.

r—1
1

Ar = 2)

In Figure 1b, a shift in characteristic peaks was observed. The main peaks after heat
treatment for 30-60 h showed a progressive left shift, while those heat-treated for 90-120 h
gradually shifted to the right compared with the sample heated for 60 h. According
to Bragg’s equation, an increase in interplanar spacing (d) gave rise to a reduction in
diffraction angle (20), and this resulted in a left shift in the diffraction peaks. After 120 h of
heat treatment, the opposite process might have occurred. The above phenomenon was
presumably caused by the position of Si in the AlTaOy lattice, which was influenced by
heat treatment time. The sig and Ry, values in Figure 2 indicated high confidence in the
XRD refinement results.

Table 1 presents the changes in lattice constants, unit cell volume, theoretical density,
and porosity. The refinement results were consistent with those reported in previous
work [51].

Table 1. Lattice constants and theoretical density (p) of SiOp-AlTaOy4 ceramics obtained from the XRD
Rietveld refinements.

. . . R i3 ;
Sample a(A) b (A) c(A) B ) V (A°) (g-cm~3) Porosity
30h 12.135 3.776 6.449 107.730 281.469 6.238 30.3%
60 h 12.136 3.779 6.449 107.710 281.747 6.232 36.1%
90 h 12.135 3.777 6.449 107.720 281.559 6.236 39.7%
120 h 12.148 3.766 6.458 107.705 281.455 6.238 38.9%

Specifically, for samples heat-treated for 30-60 h, the unit cell volume was expanded,
and the theoretical density was decreased. For the samples heat-treated for 90-120 h,
the unit cell volume began to shrink, and the theoretical density increased compared to
the samples heat-treated for 30-60 h. The above results indicate that the heat treatment
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time indeed caused changes in the position of Si atoms in the AlTaOy lattice. Si occupied
interstitial sites in AlTaO, after heat treatment for 30-60 h, and an interstitial solid solution
was formed, resulting in lattice expansion. After 60-90 h heat treatment, the lattice thermal
vibrations of AlTaO4 were further intensified to increase atomic spacing and expand
interstitial sizes. Si atoms moved from interstitial sites to lattice sites, and a substitutional
solid solution was triggered to reduce the unit cell volume. Figure 3 shows the crystal
structure of AlTaO4 when Si occupies both the Ta and Al atomic sites. In the lattices of
AlTaOy, Al and Ta atoms were bonded to six O atoms, and Si atoms had a probability of
5% to occupy the sites of Al and Ta atoms. The polyhedron distortion (Ad) was calculated

using Equation (3) [60,61]:

_A2
L—-L 9

where L represents the bond length of A-O (A = Al, Ta), L represents the average bond
length of [AlOg] and [TaOg], and n represents the number of bonds as illustrated in Figure 3.
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Figure 2. The XRD Rietveld refinements of 5iO,-AlTaOy. (a) 30 h; (b) 60 h; (c) 90 h; and (d) 120 h.

The results are shown in Figure 4. The total distortion index showed a trend of
increasing and then decreasing, which was consistent with the XRD refinement results. The
distortion was dominated by the Al-O bonds, and this was consistent with the changes in

the position of Si.
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Figure 3. Crystal structures of SiO;,-AlTaO, ceramics. (a) Three-dimensional structure; (b) Viewing
along the b axis.
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Figure 4. The distortion degree of polyhedra in lattices of SiO,-AlTaOy4 ceramics obtained from the
XRD refinement.

3.2. Microstructures and Elemental Distributions

Figure 5 shows the surface morphology of SiO;-AlTaOj and the corresponding EDS
mapping for samples heat-treated for different durations, and it illustrates the changes in
grain size and surface morphology. It can be denoted that the grain size of SiO,-AlTaOy
ceramics after heat treatment for different durations ranged from submicron to micron
scale. As the heat treatment time increased, the grains gradually grew and arranged more
regularly, and the sample heat-treated for 120 h had the largest grains.

EDS mapping revealed the homogeneous distribution of Si, Al, Ta, and O elements
within the grains without obvious segregation, and the microstructure of SiO,-AlTaOy4
remained largely unaffected by SiO; addition and heat treatment duration. Figure 6 showed
the atomic ratio of each element based on the EDS spectra, which was consistent with the
experimental design.
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Figure 5. Typical microstructures and EDS mapping of SiO;,-AlTaOy after different heat treatment
times: (a) 30 h; (b) 60 h; (c) 90 h; and (d) 120 h.
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Figure 6. (a) EDS spectra of SiO;-AlTaOy after heat treatment at 1400 °C for 30 h; (b) Raman spectra
from 50 to 1100 cm ! for each sample; and (c) The fitted Raman spectrum of the 30 h.
3.3. Raman Spectra

The Raman spectrum of SiO,-AlTaOy is shown in Figure 6b. Obviously, the character-
istic peak positions in the Raman spectra of all samples maintained good consistency, indi-
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cating that the core structure of the samples remained unchanged during the 30-120 h heat
treatment process, with only slight changes in peak intensity and peak shape. Raman spec-
trum correction was performed on the 30 h sample, and the results are shown in Figure 6c.
The peaks at wavenumbers of 98.38, 134.85, 169.92, 201.20, 244.28, and 284.71 cem ! corre-
sponded to the characteristic peaks of the Al-Ta-O framework. The peaks at 349.59, 418.47,
445.36,515.28, and 581.26 cm ! mostly corresponded to Ta-O bonds or Al-O bonds. The
strong peak at 947.84 cm~! was a characteristic identification peak of AlTaOy, correspond-
ing to the characteristic stretching vibration of [TaOg] octahedrons [62,63]. The appearance
of the weak peak at 465.57 cm~! confirmed the existence of Si-O bonds. The above results
indicated that there was no second-phase SiO, in S5iO;-AlTaOy.

3.4. Thermal Properties

Based on the above results, a solid solution phase was formed after heat treatments.
Therefore, it was important to evaluate changes in the thermal properties of SiO;-AlTaOy.
Figure 7a showed a comparison of thermal expansion rates between S5iO;-AlTaO4, AlTaOy,
and AINbOy [51]. The results showed that the slopes of the thermal expansion rate curves
remained stable as the temperature increased, which indicated good high-temperature
stability. The thermal expansion rate of SiO,-AlTaO,4 was significantly lower than that of
AlTaOy4 and AINbO4. Mechanistically, thermal expansion essentially resulted from the
increase in average atomic distance due to intensified atomic thermal vibrations. Figure 7b
showed their TECs, which had a positive correlation with temperature.

0.8 8
(@) —o—S§i0,-AlTa0, (b) ——Si0,-AlTa0,
0.7} —o— AITa0, 7t —O—AlITa0,
—o— AINDO, A —o— AINDO,
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Figure 7. Thermal expansion performance of 5iO;-AlTaOy4, AlTaOy4, and AINbO,4 ceramics [51]:
(a) Thermal expansion rate; (b) TECs.

The TECs of SiO,-AlTaOy increased rapidly initially and gradually stabilized at tem-
peratures beyond 1100 °C and reached approximately 4.65 x 10~° K~! at 1200 °C, which
were close to the TECs of SiC (4.5-5.5 x 107® K~1) [4,64]. The TECs of SiO,-AlTaOy
were significantly lower than those of AlTaO4 and AINbO,, which could be attributed to
the following reasons. (i) After SiO; and AlTaO4 formed a solid solution, Si ions were
introduced into the AlTaQy, lattices, which caused the lattice distortion and micro-local
stress. The stress restrained atomic thermal vibrations and made it difficult for atoms to
expand freely as the temperature increased, thereby reducing the TECs [65,66]. (ii) The
reduced lattice distortion decreased the vibrational entropy to improve lattice order and
enhanced the bonding strength among different atoms, which further reduced TECs [67].
(iii) The SiOp-AlTaOy4 ceramics had porosities of 30%—40%, which were much higher than
the porosities of AlTaO4 and AINbOj reported in Ref. [51], and a high porosity would
decrease TECs. Obviously, the SiO; would react with AlTaO4 to form a solid solution, and
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the TECs were decreased at the same time, which was good for reducing the interface
thermal stress between AlTaO4 and the bond coat in the EBC system.

The low thermal conductivity of EBCs can provide high thermal insulation for CMCs,
thereby extending their service life. Figure 8a showed the thermal diffusivity of SiO,-
AlTaOy, which ranged from 1.39 to 0.60 mm?-s~! at 25-900 °C. Compared to AlTaOy,
5i0;,-AlTaO4 had a lower thermal diffusivity below 400 °C, and they had similar thermal
diffusivity at 400-900 °C. Also, SiO,-AlTaO4 had a lower thermal diffusivity than AINbOy,
Yb;,5i,07, and other EBC materials [51,68,69]. Figure 8b compared the thermal conductivity
of 5i0,-AlTaO4 with other oxides [51,68-71]; and their thermal conductivity showed a
decreasing trend with the increasing temperature, which was consistent with the behavior
of insulating materials.

4.0 10
(a) ——Si0,-AITa0, (b) —o—Si0,-AITa0,
35t —o— AITa0, oF —o—AITa0,
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Figure 8. Thermal properties of SiO,-AlTaO, and other oxides [51,68-71]: (a) Thermal diffusivities;
(b) Thermal conductivities.

As the temperature increased, the atomic thermal vibrations intensified, and phonon
scattering was enhanced, resulting in a decrease in thermal conductivity. The thermal
conductivity of SiO;-AlTaO4 exhibited a decreasing trend with increasing temperature,
ranging from 2.91 to 1.65 W-m~!-K~! at temperatures between 25 °C and 900 °C. It could
be seen that the thermal conductivity of SiO,-AlTaO4 was significantly lower than that of
AlTaOy4. At 900 °C, AlTaOy4 exhibited a thermal conductivity of 2.26 W-m1.K~1, whereas
the thermal conductivity of SiO,-AlTaO4 was only 1.65 W-m~!-K~; obviously, the intro-
duction of SiO; led to a 26.9% reduction in the thermal conductivity of AlTaO4. Compared
to other oxides, S5iO,-AlTaO, ceramics exhibited a low thermal conductivity, and SiO,
addition enhanced the phonon scattering in AlTaOj.

4. Conclusions

This study investigated the high-temperature reaction behaviors between SiO, and
AlTaQy4, and the influences of SiO, additions on thermal conductivity and TECs were
studied. The conclusions were:

(1) The SiO,-AlTaO4 samples heat-treated at 1400 °C for 30-120 h maintained the mono-
clinic phase, and Si occupied the interstitial sites to form an interstitial solid solution
at 30-60 h, where the Si atom migrated to lattice sites to form a substitutional solid
solution at 90-120 h. AlTaO4 exhibited excellent high-temperature stability, and the
addition of SiO; did not alter its crystal structure.

(2) SEM and EDS mapping revealed the uniform distribution of Si, Al, Ta, and O elements
in each sample, without obvious segregation. The grain sizes were on the micron scale,
gradually increasing in size and becoming more regularly arranged with extended
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heat treatment time. The XRD, SEM, and EDS results synergistically indicated the
good phase stability of AlTaOj.

(8) The TECs of S5iO;-AlTaO4 were approximately 4.65 x 1076 K1 at 1200 °C, which
were lower than those of AlTaO4 and AINbOy. The SiO, additions could reduce the
TECs of AlTaOy, thereby reducing the thermal stress between AlTaO, and the Si bond
coat. The thermal conductivity at 900 °C was 26.9% lower than that of AlTaOy, and
the lowest value reached 1.65 W-m~1-K~! as the phonon scattering strength was
increased. Accordingly, the reaction between SiO, and AlTaOy could reduce the TECs
and thermal conductivity, which were good for the EBC applications.
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