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Abstract

To address the insufficient high temperature oxidation resistance of Nb521 alloy in engineering
applications, Cr-Ta-Ti modified silicide coatings with different Ta contents were fabricated on its surface
via slurry sintering. The oxidation behavior and elemental diffusion characteristics of the coatings were
systematically investigated at 1400-1500 °C, and the mechanism by which Ta affects the
microstructural evolution and oxidation resistance of the coatings was revealed. The results show that
the Cr-Ta-Ti modified silicide coating exhibits a distinct multilayer structure, which from top to bottom
consists of a (Nb,Cr,Ti, Ta)Si,/Cr,Nb,Sis composite layer, a dense NbSi, layer, a NbSi,/NbsSis layer, and a
NbsSis transition layer. The introduction of Ta influences the diffusion of Si, Cr, and other elements,
resulting in a reduced coating thickness. An appropriate Ta content (5Ta) can markedly decrease the
growth rate of the oxide scale, providing effective protection for the substrate for at least 150 h at 1400
°C and 100 h at 1500 °C, respectively. The dissolution of Ta into SiO, and TiO, enhances the high
temperature viscosity and thermal stability of the oxide scale, restrains the inward diffusion of oxygen
and the outward diffusion of coating elements, thereby significantly improving the high temperature
oxidation resistance of the coating.

1. Introduction

To meet the urgent demands of next-generation aero-engines with high thrust-to-weight ratios and
reusable spacecraft for extreme hot-section components (service temperature > 1500 °C), developing
material systems with both ultra-high temperature mechanical properties and long-term oxidation
resistance has become an imperative [1, 2]. Due to their high melting points, low densities, excellent high
temperature strengths, and good processability, Nb based alloys are considered ideal structural
materials in the ultra-high temperature field [3—7]. Currently, Nb based alloys widely studied and applied
in the aerospace sector (such as C103, Nb521, Nb-Si based alloys, and Nb-Ti-Al based alloys) inherently
form expansive oxides, such as Nb,Os, during the oxidation process, which are detrimental to their
oxidation performance [8]. Consequently, Nb based alloys must rely on compatible high temperature
anti-oxidation coatings for protection when utilized in aerobic environments [9-13].

Among various coating systems, silicide coatings have emerged as one of the most extensively
researched and successfully engineered protective strategies, as they can form a continuous, dense SiO,
protective scale with an extremely low oxygen diffusion rate during high temperature oxidation [14, 15].
Early studies predominantly focused on single silicide coatings such as MoSi, and NbSi, [16, 17].

However, these generally suffer from intermediate-temperature "pesting" oxidation failure, cracking
caused by coefficient of thermal expansion (CTE) mismatch with the substrate, and the decomposition
and degradation of silicide phases under long-term high temperature [18]. To overcome these
bottlenecks, elemental modification and structural composite design have been widely adopted to
mitigate these issues [19-24]. For instance, preparing multi-element modified silicide coatings by
introducing elements such as Cr, Ti, and Al can alleviate the aforementioned problems to a certain extent
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[25-27]. Under ultra-high temperature service conditions, coatings face immense challenges. For
example, the SiO, scale exhibits insufficient thermal stability at ultra-high temperature, presenting a
significant risk of high temperature volatilization [28]. Furthermore, exposure to ultra-high temperature
aggravates elemental interdiffusion within the coating, which can easily induce the premature
decomposition of key protective phases including NbSi, and exhausts the constrained silicon reservoir
within the coating [29]. In addition, the interdiffusion and degradation at the coating/substrate interface
are prominent. The continuous inward diffusion of Si into the substrate not only leads to Si depletion in
the coating but also forms a brittle silicide layer at the interface, acting as a mechanical weak link [30].

Introducing refractory elements or high temperature stabilizing elements is an effective approach to
enhance the oxidation resistance of coatings at higher temperature [31, 32]. For example, Wang et al.
[33] prepared a Y,05-modified MoSi, silicide coating using supersonic atmospheric plasma spraying.
Their research demonstrated that Y,04 can regulate the microstructure of the generated glassy oxide
scale during oxidation, thereby improving the high temperature oxidation resistance of the coating. Wang
et al. [20] fabricated a (Nb,Ti,M0)Si,-(Ti,Nb,M0)sSi; composite coating on the surface of C103 alloy using
slurry sintering method. The coating maintained its structural integrity after oxidation for 100 h at 1400
°C and 1500 °C, respectively. Ta and Nb are refractory metals of the same group with similar atomic
radii and chemical properties, allowing Ta to dissolve into the niobium silicide phase to form a stable
solid solution [34, 35]. This solid solution effect not only strengthens the coating via lattice distortion but
also draws significant attention in the field of ultra-high temperature protective coatings due to extremely
high melting point (~ 3017 °C) of Ta and superior high temperature stability. Existing studies have
confirmed that Ta can dissolve into the SiO, glass network formed at high temperature, which not only
significantly reduces the oxygen permeability of liquid SiO, [36] but also enhances the bond strength of
Si-0 bonds [37, 38]. These effects are of paramount importance for enhancing the compactness of the
oxide scale and extending its long-term thermally stable service life.

However, studies also indicate that the protective performance of a single Ta-Si-O oxide scale is less
than ideal. For instance, Bahr et al. [39] found that a single TaSi, coating forms a discontinuous and
porous Ta,05+Si0, mixed oxide scale at high temperature (> 850 °C), which may conversely act as a
rapid diffusion channel for oxygen ions, accelerating the coating's oxidation rate. It is evident that simple
Ta substitution or addition does not consistently yield excellent protective effects and may even induce
adverse impacts under certain circumstances. To overcome the shortcomings of single element
modification, it is feasible to design the co-addition of Ta with metallic elements (e.g., Ti, Cr, Mo, W, Hf) or
active elements (e.g., B, Y). Through the multi-element synergistic effect, it is promising to break through
the performance bottlenecks of singly modified systems. Nevertheless, current research on multi-
element modification mainly focuses on Cr-Ti or Mo-W systems [27, 40], and the application of Cr-Ta-Ti
ternary synergistic modification in silicide coatings has not yet been reported. There is a lack of
systematic experimental data and in-depth mechanistic analyses addressing key scientific issues, such
as the microstructural evolution laws of multi-element modified silicide coatings and the formation
mechanisms of mixed oxide scales under high temperature environments.
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In view of this, the present study aims to systematically investigate the microstructure, high temperature
oxidation behavior, and intrinsic mechanisms of Cr-Ta-Ti modified silicide coatings on the surface of
Nb521 alloy. The Cr-Ta-Ti modified silicide coatings were successfully fabricated on the Nb521 alloy
using the slurry sintering method, which is widely applied in industry. Through systematic long-term
isothermal oxidation experiments at 1400 °C and 1500 °C, the oxidation kinetics, microstructural
evolution of the oxide scale, and coating degradation behavior before and after modification were
comparatively analyzed. Emphasis was placed on the effects of Ta content on the phase formation,
microstructure, and diffusion behavior of key elements (Si, Cr, Ti, Nb) in the coatings. Finally, the
functional mechanisms of Ta modification on the composition, structure, adhesion, and oxygen barrier
properties of the mixed oxide scale were discussed. The results of this study not only provide a new
perspective for understanding the oxidation protection mechanisms of multi-element silicide coatings
modified by refractory elements but also offer crucial theoretical bases and feasible technical pathways
for developing long-life, highly reliable protective coatings for Nb alloys applied in extreme ultra-high
temperature environments.

2. Materials and methods
2.1 Substrate material

In this work, Nb521 alloy with a nominal composition of Nb-5W-2Mo-1Zr (wt.%) was used. The alloy ingot
was cut into specimens with dimensions of 15 mm x 6 mm x 3 mm using a wire electrical discharge
machine. All specimen surfaces, edges and corners were gradually ground and polished with SiC
sandpapers from 80# to 800# to reduce stress concentration. Subsequently, the specimens were
ultrasonically cleaned in ethanol for 15 min and dried for later use.

2.2 Coating process

Pure Si powder (purity = 99%, particle size 74 ym), Cr powder (purity = 99.9%, particle size 2—-5 pym), Ti
powder (purity = 99.9%, particle size 1-3 pm) and Ta powder (purity > 99.95%, mesh < 325) were selected
as raw materials. The corresponding powders were weighed according to the mass ratio Si:Cr:Ti:Ta =
15:4:1:x (x=0, 5, 10, 15), mixed with ethanol and polyvinyl butyral (PVB), and ball milled for 4 h to prepare
a uniform slurry. For convenience, the Cr-Ta-Ti modified silicide coatings with different Ta contents are
denoted as 0Ta, 5Ta, 10Ta and 15Ta, respectively.

The pretreated substrate specimens were immersed in the slurry for 3-5 s, taken out and dried in air for
10-15 min, and this process was repeated three times. The coated specimens were dried in a vacuum
oven at 100 °C for 4 h. Finally, all samples were sintered at 1450 °C for 0.5 h in an ultra-high vacuum
furnace and then cooled to room temperature with the furnace.

2.3 Oxidation test

Isothermal oxidation tests were carried out in a muffle furnace at 1400 °C and 1500 °C for 1-150 h. After
oxidation, the samples were directly taken out of the furnace and cooled naturally in air. The mass
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changes before and after oxidation were measured using an electronic balance with an accuracy of 0.1

mg
2.4 Analyzing methods

Scanning electron microscopy equipped with energy-dispersive X-ray spectroscopy (SEM/EDS, TESCAN
MIRA 3 and Inca X-sight) and X-ray diffraction (XRD, Panalytical X'Pert PRO, Cu Ka) were employed to
analyze the microstructure, phase composition and elemental distribution of the samples before and

after oxidation. Elemental distribution of the samples was characterized by electron probe microanalysis
(EPMA).

3. Results
3.1 Microstructure of the Cr-Ta-Ti modified silicide coating

Figure 1 and 2 show the surface XRD patterns and surface BSE images of the Cr-Ta-Ti modified silicide
coatings with different Ta contents, respectively. According to the XRD analysis results, all coatings are
mainly composed of the NbSi, phase and a small amount of the Cr,Nb,Sis phase. As seen from the
surface images of the coatings (Fig. 2), with the increase of Ta content, the surface roughness of the
coatings gradually increases, and the number of pores also increases accordingly. After the addition of
Ta, a white Ta-rich phase (Sites 3 and 4 in Fig. 2) appears on the coating surface, which remains the
NbSi, phase. Furthermore, a small amount of incompletely reacted residual slurry can be observed in the
samples, as indicated by Site 6 in Fig. 2d and EDS composition in Table 1.

(a) 0Ta, (b) 5Ta, (c)10Ta and (d)15Ta.

Table 1

Chemical compositions of the marked sites in
Fig. 2, determined by EDS.

Sites Composition (at.%)

Si Nb Cr Ti Ta
1 699 212 5.8 3.1 -
2 717 183 5.9 3.6 0.5
3 66.0 19.5 8.5 3.3 2.7
4 69.7 126 9.7 3.7 4.3
5 69.6 174 8.7 3.8 0.5
6 444 42 231 13.0 153
7 67.4 231 43 3.8 1.4
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Figure 3 presents the cross-sectional BSE morphologies of the Cr-Ta-Ti modified silicide coatings with
different Ta contents. There is no significant difference in the overall structure of all coatings, which are
composed of two layers: a main layer and a transition layer. The main layer can be further divided into
two sub-layers: the upper layer consists of a gray phase and a dispersed dark-gray granular phase, while
the lower layer is a single gray phase. Combining the EDS compositional analysis (Table 2) and XRD
results (Fig. 1), it can be determined that the upper gray phase is the (Nb,Cr,Ti,Ta)Si, phase (Sites 1, 2, 6,
and 7 in Table 2). Moreover, as the Ta content increases, the Ta concentration in the (Nb,Cr,Ti,Ta)Si,
phase increases synchronously, albeit with a limited increment. The dispersed dark-gray phase is
identified as the Cr,Nb,Sis phase (Site 3 in Table 2). The lower single gray phase is the NbSi, phase (Site

4 in Table 2), and the transition layer is composed of Nb:Si; phase. Between the single NbSi, layer and
the NbsSi; layer, a mixed layer composed of NbSi,+NbsSis is found. Evidently, the coating consists of a
(Nb,Cr,Ti, Ta)Si,+CryNb,Sis layer, a single NbSi, layer, a NbSi,+NbsSi; mixed layer, and a NbsSi; transition
layer from top to bottom. It is noteworthy that the coating thickness gradually decreases with the

increase of Ta content. The thicknesses of the main layers for the 0Ta, 5Ta, 10Ta, and 15Ta coatings are
approximately 122, 113, 90, and 77 pm, respectively.

Table 2

Chemical compositions of the marked sites in
Fig. 3, determined by EDS.

Sites Composition (at.%)

Si Nb Cr Ti Ta
1 68.7 206 6.9 3.8 -
2 699 227 50 1.2 1.2
3 480 132 337 51 -
4 67.7 323 - - -
) 384 616 - - -
6 66.7 26.1 4.2 1.2 1.8
7 68.3 227 4.4 26 20

Figure 4 displays the cross-sectional BSE image of 5Ta coating and the elemental mapping of the
corresponding region. It can be seen that the Nb element exhibits a three-layer distribution in the coating
above the substrate. The bottom most part of the coating, which has a lower Si content, is the NbzSij

transition layer, above which lies the NbSi, and NbzSi; mixed layer. The Si and Nb elements are
distributed uniformly in the single NbSi, layer. There is a distinct Cr-enriched region in the upper layer of
the coating, primarily corresponding to the Cr,Nb,Sis phase. The Ti element is also enriched here and is
mainly distributed in the upper layer of the coating. The Ta element is distributed relatively uniformly
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throughout the coating, but its content is relatively higher within the range from the coating surface
down to 30 um. Mo, W, and Zr are substrate elements and are mainly concentrated in the substrate.

3.2 Oxidation behavior of the coating
3.2.1 Oxidation kinetics

The mass changes per unit area of the Cr-Ta-Ti modified silicide coatings with different Ta contents after
oxidation at 1400 °C and 1500 °C are shown in Fig. 5. The 0Ta coating exhibits a characteristic of
continuous weight loss during oxidation at 1400 °C, whereas 5Ta coating only shows a slight weight
gain in the early stage of oxidation and also experiences weight loss in the later stage. After 150 h of
oxidation, there is no significant difference in the mass change per unit area between the two coatings.
The oxidation weight gain of 10Ta and 15Ta coatings increases sharply, indicating that the coatings have
failed. Under the 1500 °C oxidation condition, the specific oxidation weight gain of 0Ta coating first
drops significantly and then turns to a slow increase after 10 h of oxidation, with a mass change per unit
area of 1.2 mg/cm? at 100 h. The 5Ta coating initially shows a weight gain, begins to continuously lose
weight after 5 h, and slowly recovers after 50 h, resulting in a mass change per unit area of -0.3 mg/cm?
after 100 h of oxidation.

Figure 6 illustrates the macroscopic morphologies and the corresponding BSE images of the failure
regions for the Cr-Ta-Ti modified silicide coatings with different Ta contents after oxidation at 1400 °C
and 1500 °C. Obviously, after 50 h of oxidation at 1400 °C, a large amount of oxides of the substrate
element Nb appears on the surface of 15Ta coating (Fig. 6d), and its specific oxidation weight gain
increases sharply (Fig. 5a), indicating coating failure. This can probably be attributed to the relatively thin
thickness of 15Ta coating, making it difficult to provide long-term protection for the substrate under high
temperature conditions. After 50 h of oxidation, the coating has essentially degraded completely,
generating a large amount of non-protective oxides (Nb,05s), leading to the loss of protective capability.
After oxidation at 1400 °C for 100 h (Fig. 5c¢), the surface of 10Ta coating also generates a substantial
amount of white Nb,0O5 products. Combined with the cross-sectional observation of the coating, these
oxides grow outward from the interior of the substrate, and the substrate has undergone obvious
oxidation, resulting in the destruction of the coating structure. In contrast, the overall structures of the
0Ta and 5Ta coatings remain relatively intact after long-term isothermal oxidation. For 0Ta coating, after
150 h of oxidation at 1400 °C, its surface exhibits a yellowish-brown appearance with dark-brown spots
in localized regions. Microstructural characterization reveals the presence of a large number of mixed
oxide particles of Nb,05 and TiO, in the dark-brown regions. At this point, the coating has essentially

failed, and obvious cracks are observed at the coating/substrate interface. A mixed oxide scale of SiO,-
Nb,Os-TiO, with a thickness of approximately 27.3 pm has formed on the coating surface. After further

oxidation at 1500 °C for 100 h, the entire surface of 0Ta coating turns yellowish-brown. After oxidation at
1400 °C, the surface of 5Ta coating is entirely brown, while after oxidation at 1500 °C, its surface is
completely covered by a dense glassy dark-brown oxide scale.
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3.2.2 Oxidation products

Figure 7 shows the XRD patterns of 5Ta coating after oxidation at different temperature for different
time. After oxidation, the phase composition of the coating surface is mainly NbSi,, SiO,, Cr,05 and TiO,.
At 1400 °C and 1500 °C, the oxidation products of the coating are primarily SiO,, Cr,05, and TiO,. With
prolonged oxidation time, the diffraction peaks of SiO, and TiO, gradually intensify, whereas those of
Cr,05 show a weakening trend. No diffraction peaks of Nb,05 and Ta,05 are detected throughout the
entire oxidation process.

3.2.3 Microstructure of the coating oxidized at 1400 °C

Table 3

Chemical compositions of the marked sites in Fig. 8,
determined by EDS.

Sites Composition (at.%)
Si Nb Cr Ti Ta O

1 2.7 - 32.6 0.5 - 64.2
2 27.7 9.0 2.1 1.7 - 59.5
3 16.5 51 4.7 10.5 - 63.2
4 258 34 0.5 2.0 - 68.3
5 1.0 1.0 0.6 18.1 - 79.3
6 266 - - 1.6 - 71.8
7 2.5 1.4 1.5 151 1.8 77.7

Figure 8 presents the surface BSE images of 5Ta coating after oxidation at 1400 °C for different time. As
can be seen from Fig. 8a, after 1 h of oxidation, the oxide scale formed on the coating surface is not
dense. Combining the XRD analysis results (Fig. 7) and the EDS data at Site 1 (Fig. 8 and Table 3), the
oxides formed on the coating surface are mainly Cr,05. This indicates that during the oxidation process,

the Cr element continuously diffuses outward and reacts with oxygen. When the oxidation time was
extended to 5 h, white granular TiO, begins to appear on the coating surface (Site 3 in Fig. 8 and

Table 3). Simultaneously, the content of SiO, (Site 4 in Fig. 8 and Table 3) also increases significantly.
Obviously, the content of the Cr,05 phase formed on the coating surface in the early stage of oxidation
gradually decreases, which is due to the transformation of Cr,03 into volatile CrO5 at high temperature
(Figs. 7 and 8) [41, 42]. As oxidation time extends, the oxide scale formed on the coating surface
gradually becomes denser and more compact. When the oxidation time reaches 20 h, the coating
surface is completely covered by a dense oxide scale. This oxide scale mainly consists of SiO, and fine
TiO, particles dispersed within it. At this stage, the intrusion rate of oxygen into the substrate is
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drastically reduced, leading to a significant decrease in the oxidation rate. In the later stage of oxidation,
the surface products of the coating remain basically unchanged, mainly composed of SiO, and TiO,.
Furthermore, with the further extension of oxidation time, both the content and size of the TiO, particles
on the coating surface exhibit a continuously increasing trend. Additionally, the EDS compositional
analysis at Site 7 in Fig. 8 (Table 3) reveals that the TiO, particles contain small amounts of Cr and Nb,

indicating that the Cr and Nb elements exist in the TiO, particles in the form of a solid solution.

Table 4

Chemical compositions of the marked sites in Fig. 9,
determined by EDS.

Sites Composition (at.%)

Si Nb Cr Ti Ta O

1 - - 40.2 - - 59.8
2 699 227 1.2 50 1.2 -
3 249 4.7 3.2 09 03 660
4 246 19 - 0.7 - 72.8
5 63.2 282 538 28 - -
6 373 33.1 258 38 - -
7 67.2 328 - - - -
8 4.3 - 238 94 - 62.5
9 46.3 306 164 6.7 - -

10 5.0 124 153 31 - 64.2
11 68.6 314 - - - -
12 46.5 460 /.5 - - -
13 63.5 36.5 - - - -
14 382 595 23 - - -

Figure 9 shows the cross-sectional BSE images of 5Ta coating after oxidation at 1400 °C for different
time. Similar to the variation pattern of the coating surface, after 1 h of oxidation, the pore regions on the
coating surface are filled with a large amount of Cr,04 (Site 1 in Fig. 9). At this time, the overall structure
of the coating has not undergone obvious alterations, and the Cr,Nb,Sis phase can be clearly identified
from the locally magnified morphology (Site 3 in Fig. 9). As the oxidation time extends to 5 h, the oxide
content on the coating surface further increases, while the Cr,Nb,Sis phase gradually decreases.
Meanwhile, a white degradation region is observed between the (Nb,Cr,Ti,Ta)Si, layer and the single
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NbSi, layer (Fig. 9¢). With further extension of the oxidation time, the content of SiO, formed on the
coating surface continuously increases (Site 4 in Fig. 9), and the white degradation region inside the
coating further expands, which is mainly composed of (Nb,Cr,Ti)5Si; phase (Table 4). Upon oxidation to
20 h, the coating surface is essentially covered by a continuous oxide scale, within which Cr,04
embedded in SiO, can still be observed (Site 8 in Fig. 9). At this stage, the coating has undergone
significant degradation, and a two-phase region of (Nb,Cr,Ti,Ta)Si,/(Nb,Cr,Ti)sSi; can be observed
beneath the (Nb,Cr,Ti, Ta)Si, layer. As the oxidation time continues to prolong, the oxide scale on the
coating surface continuously thickens, and the (Nb,Cr,Ti)sSi; degradation region also expands
continuously. Conversely, the (Nb,Cr,Ti,Ta)Si, layer and the single NbSi, layer continuously degrade and
decrease. After 150 h of oxidation, a dense oxide scale with a thickness of approximately 22 ym has
formed on the coating surface, which is mainly composed of SiO,, TiO,, and Cr,05 (Site 10 in Fig. 9).
Notably, the dissolved Cr, Ti, and Ta atoms in the original (Nb,Cr,Ti, Ta)Si, layer can no longer be detected

(Site 11 in Fig. 9). This indicates that during the long-term oxidation process, the Cr, Ti, and Ta elements
continuously diffuse outward and undergo oxidation reactions, thereby driving the gradual
transformation of the (Nb,Cr,Ti, Ta)Si, phase into the pure NbSi, phase.

3.2.4 Microstructure of the coating oxidized at 1500 °C

Figure 10 shows the surface BSE images of 5Ta coating after oxidation at 1500 °C for different time.
After 1 h of oxidation, the coating surface was immediately covered by a large amount of Cr,05, while
abundant pore defects still remained. With prolonged oxidation time, the content of Cr,05 on the coating
surface gradually decreased, whereas that of SiO, exhibited an increasing trend. When the oxidation
time reached 20 h, Cr,05 was barely detectable on the surface, which was fully covered by a continuous
glassy SiO, layer. In addition, the content of TiO, embedded in the SiO, matrix also increased gradually.
With further extension of oxidation time, the surface oxide scale became progressively denser, and both
the content and size of TiO, particles increased. The morphological evolution of the scale was generally
consistent with that observed at 1400 °C.

Figure 11 shows the cross-sectional BSE images of 5Ta coating after oxidation at 1500 °C for different
time. After 1 h of oxidation, the coating surface was covered by a Cr,05 layer with a thickness of

approximately 3 pm. When oxidized for 5 h, a considerable amount of SiO, phase was formed on the
coating surface besides Cr,04. At this stage, a (Nb,Cr,Ti)sSi; degraded layer with a thickness of about 15
pm was observed in the coating. After 10 h of oxidation, the Cr,05 content on the coating surface
decreased remarkably. The coating from top to bottom consisted of a mixed SiO,-TiO,-Cr,05 oxide scale,
a (Nb,Cr,Ti, Ta)Si, layer, a (Nb,Cr,Ti)sSi5 layer, a single NbSi, layer, and a NbsSi; layer. With further
oxidation up to 20 h, the scale thickened continuously and was mainly composed of SiO, and TiO,.
Similar to the oxidation behavior at 1400 °C, both the (Nb,Cr,Ti, Ta)Si, layer and the single NbSi, layer
degraded continuously and reduced in content. After 100 h of oxidation, the single NbSi, layer was
completely depleted, and (Nb,Cr,Ti,Ta)Si, was fully transformed into pure NbSi, (Fig. 11f).
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To investigate the elemental diffusion behavior during high temperature oxidation, EPMA elemental
mapping was performed on the cross-section of 5Ta coating after oxidation at 1500 °C for 1 h and 100
h, as shown in Figs. 12 and 13, respectively. As can be seen from Fig. 12, after oxidation at 1500 °C for 1
h, Nb and Si in the coating exhibited a three-layered distribution, corresponding to the

(Nb,Cr,Ti, Ta)Si,/Cr,Nb,Sis layer, the single NbSi, layer, and the Nb;Sij layer. Cr was mainly distributed in
Cr,Nb,Sis phase and was significantly enriched in the surface oxide. Notably, the overall Cr
concentration in the coating was considerably lower than that before oxidation (Fig. 4). Ti was primarily
concentrated in the (Nb,Cr,Ti, Ta)Si,/Cr,Nb,Sis layer. O was mainly enriched in the surface oxide, while Ta
was predominantly distributed in the upper (Nb,Cr,Ti, Ta)Si, phase, with a small amount also detected in
the surface oxide scale. W, Mo, and Zr were mostly retained in the substrate.

As shown in Fig. 13, after oxidation at 1500 °C for 100 h, the thickness of the scale increased
substantially. Compared with the 1 h oxidized sample, the Si content in the residual coating decreased
sharply, indicating significant outward diffusion of Si. Meanwhile, the Cr and Ti contents in the coating
were obviously reduced. Ti was enriched in the scale as TiO,, in which the enrichment of Nb and Cr could
also be detected, suggesting that a certain amount of Nb and Cr was dissolved in TiO,. In addition, Ta
was also enriched in the TiO, phase and was prominently distributed in the white degraded NbsSi; phase

in the upper residual coating. It is worth noting that W and Mo were significantly enriched at the coating
transition layer/substrate interface.

4. Discussion

4.1 Formation mechanism of Cr-Ta-Ti modified silicide
coating

A schematic diagram illustrating the formation mechanism of the Cr-Ta-Ti modified silicide coating is
displayed in Fig. 14. Due to the low melting point of Si (< 1420 °C) [43] and its high mass fraction of 75
wt% in the slurry, Si melted rapidly to form a liquid phase when the sintering temperature exceeded its
melting point. Therefore, the coating formation was mainly dominated by the inward diffusion of liquid Si
into the substrate.

At the initial stage of reaction, liquid Si came into contact with the Nb substrate and reacted rapidly to
produce a NbsSij transition layer. Subsequently, NbsSi5 further reacted with the inward-diffusing Si and
transformed into NbSi,. Driven by the Si concentration gradient, this reaction front continuously
propagated toward the substrate interior. Meanwhile, Cr, Ti, and part of Ta in the slurry also participated
in the reaction. Cr and Ti diffused inward together with Si and dissolved into the as-formed NbSi, lattice
driven by the concentration gradient. With the reaction proceeding, the coating thickness increased
rapidly. Since the solid solubility of Cr in NbSi, was limited [44], Cr,Nb,Si5 precipitated as a secondary
phase when the local Cr content exceeded its solubility limit. In contrast, Ti remained dissolved in NbSi,

owing to its relatively low content. Eventually, the coating exhibited a typical four-layered structure from
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top to bottom: a mixed (Nb,Cr,Ti,Ta)Si,/Cr,Nb,Sis layer, a single NbSi, layer, a NbSi,/NbsSi; layer, and a
NbsSis transition layer.

Notably, increasing the Ta content in the slurry did not significantly improve the dissolved Ta
concentration inside the coating (sites 6 and 7 in Fig. 3). This phenomenon is mainly attributed to the
kinetic constraints of diffusion. Firstly, due to its relatively large atomic radius [45], Ta exhibits
substantially higher diffusion resistance in silicide lattices and grain boundaries in comparison with Cr
and Ti, which in turn leads to a slower migration rate toward the substrate. Secondly, as a high melting
point refractory metal, Ta exhibits a significantly lower thermal diffusivity at the sintering temperature of
1450 °C than Cr and Ti, which are close to a molten state [46, 47]. This indicates that the diffusion of Ta
acts as the rate-limiting step in the present sintering system. Simply increasing the Ta content in the
slurry cannot overcome its diffusion kinetic barrier. Instead, excessive unreacted Ta tends to accumulate
in the upper coating, hindering the effective diffusion of Si and other active elements and eventually
reducing the coating thickness (Fig. 3).

4.2 Oxidation mechanism of Cr-Ta-Ti modified silicide
coating

Based on the above analysis of oxidation kinetics and oxide scale evolution, the oxidation process of the
Cr-Ta-Ti modified silicide coatings can be divided into three stages. At the initial oxidation stage (1-5 h),
oxygen reacts with (Nb,Cr,Ti,Ta)Si, on the coating surface, rapidly forming amorphous SiO,. Meanwhile,
driven by the concentration gradient, a large amount of Cr diffuses outward and reacts with oxygen to
form Cr,05. EPMA elemental mapping (Fig. 12) confirms that most Cr,05 is distributed at the coating
pores at this stage. In addition, a small amount of Ta is uniformly distributed in the oxide scale without
forming discrete oxide particles of Ta, and no diffraction peaks of Ta,O5 are observed in the XRD
patterns (Fig. 7). This indicates that Ta is incorporated into the SiO, glass network in the form of solid
solution during oxidation. Previous studies have demonstrated that Ta ion doping can significantly
improve the high temperature viscosity of the SiO, glass phase and effectively reduce the diffusion
coefficient of oxygen ions in the SiO, glass network [48, 49]. Such an in-situ modification effect endows
the as-formed oxide scale with favorable compactness and oxygen barrier properties, suppressing the
rapid inward penetration of oxygen. Although Cr tends to diffuse outward and form volatile Cr,05, the Ta-
doped high viscosity oxide scale can inhibit the excessive volatilization of Cr to a certain extent,
maintaining a more intact oxide scale structure.

At the middle oxidation stage (5-20 h), the further oxidative volatilization of Cr,05 at high temperatures
(especially 1500 °C) and the increased formation of SiO, become the dominant factors controlling the

oxidation behavior. As seen from the oxidation kinetic curves (Fig. 5b), the coating without Ta shows a
remarkable mass gain during the middle oxidation stage, whereas the mass change of the 5Ta coating
continues to decrease slowly. In this system, the mass gain is attributed to the reaction between the
silicide coating and oxygen to form oxides, while the mass loss results from the continuous further
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oxidation and volatilization of Cr,05. The difference in oxidation kinetics reveals that the oxidation rate of
the 5Ta coating is lower than that of the Ta-free coating, which is mainly ascribed to two reasons. First,
the SiO, oxide scale doped with Ta exhibits superior high temperature thermal stability compared with
pure SiO,. Its viscosity is less affected by temperature fluctuations, enabling it to effectively cover the
microporous defects left by Cr,05 volatilization and showing excellent self-healing ability. Second, Ta
dissolved in the SiO, glassy oxide scale acts as a skeleton-strengthening component, which improves
the overall corrosion resistance of the oxide scale [50] and reduces the oxidation rate. Accordingly, the
Si0,-Cr,05 mixed oxide scale formed at this stage is denser than that of the unmodified coating, which
can effectively block the oxygen transport pathways. This is consistent with the experimental results of
the significantly reduced oxidation mass gain rate (Fig. 5) and the decreased oxide scale thickness

(Fig. 15) [51]. However, the advantage of the 5Ta coating in the oxidation kinetic curve is not obvious at
1400 °C, indicating that the effect of refractory Ta cannot be fully exerted at relatively low temperatures.
The higher the temperature, the more significantly Ta functions.

At the late oxidation stage (20—100 h), the coating undergoes continuous degradation. The high-silicide
layer gradually degrades due to the sustained diffusion and consumption of Si. Once this layer is
completely depleted, the coating will lose its protective capability and fail because sufficient Si can no
longer be supplied to the surface layer. Therefore, a sufficient coating thickness is required to achieve
long-term protection of the substrate in high-temperature oxidation environments. The 10Ta and 15Ta
coatings are prone to failure during this stage (Fig. 5), with insufficient thickness being a major
contributing factor. In contrast, for the 5Ta coating, even after oxidation at 1500 °C for 100 h, the NbSi,
layer still retains a thickness of 23.7 um (Fig. 11), and the coating surface is completely covered by a
mixed SiO,-TiO,-Cr,05 oxide scale with a thickness of approximately 27.4 ym. The mixed oxide scale on

the coating surface can significantly suppress the inward diffusion of oxygen, and the silicide beneath
the oxide scale can continuously supply Si to the outer layer. From the distribution of Ta at the late
oxidation stage, obvious enrichment of Ta in TiO, is observed. It has been reported [34] that the
introduction of Ta leads to the substitution of tetravalent Ti by pentavalent Ta, which reduces the
concentration of Ti vacancies and O vacancies in TiO,, thereby inhibiting the inward diffusion of oxygen
and the outward diffusion of Ti. This indicates that the defect reaction triggered by Ta>* entering the TiO,
lattice effectively reduces the overall concentration of Ti vacancies and O vacancies in TiO,. Since
oxygen vacancies serve as the main diffusion pathways for oxygen ions in oxides, their markedly
decreased concentration directly hinders the diffusion rate of oxygen ions through TiO, grains or grain
boundaries. Meanwhile, the reduced point defects render the TiO, solid solution grains more structurally
intact and denser, further enhancing the thermal stability and oxygen diffusion barrier property of this
oxide. In addition, the stable Ta-O structure exerts a pinning effect in the oxide scale, suppressing the
excessive flow and structural relaxation of the SiO, glass phase at ultra-high temperatures, and ensuring

the structural integrity of the oxide scale during long-term service. Accordingly, at the late stage, Ta
improves the overall protective performance of the coating through the above mechanisms, leading to a
significantly reduced oxide scale thickness (Fig. 15).
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By comparative analysis with the Cr-Ti modified silicide coating without Ta addition [51], the introduction
of Ta optimizes the formation process, microstructure, and high temperature stability of the oxide scale
at 1400 °C and 1500 °C. Although the two coatings share the same oxidation stage division (dominated
by Cr in the early stage and Si in the later stage), the addition of Ta significantly enhances the protective
efficiency of the coating via its unique thermodynamic and kinetic effects, as directly evidenced by the
obviously reduced oxide scale thickness. In summary, the core high temperature oxidation mechanism
of the Cr-Ta-Ti modified silicide coating lies in achieving longer-lasting protection with a thinner and
denser oxide scale by increasing the oxide scale viscosity, restraining elemental diffusion, and forming
an oxide scale with low oxygen permeability. This mechanism significantly improves the oxidation
resistance of the coating under extreme conditions at 1400 °C and 1500 °C.

5. Conclusions

(1) The Cr-Ta-Ti modified silicide coatings exhibit a distinct layered structure, which from top to bottom
consists of a (Nb,Cr,Ti, Ta)Si,/Cr,Nb,Si5 composite layer, a dense NbSi, layer, a NbSi,/Nb:Sis layer and a
Nb:Sis transition layer. The introduction of Ta suppresses the diffusion of Si and other active elements
during sintering, resulting in a reduced total coating thickness.

(2) The addition of an appropriate amount of Ta can significantly slow down the growth rate of the oxide
scale. Specifically, the 5Ta coating achieves the optimal comprehensive performance, providing effective
protection to the substrate for at least 150 h at 1400 °C and 100 h at 1500 °C. Coatings with an
excessively high Ta content are prone to spallation failure during oxidation, and the insufficient coating
thickness is one of the primary factors inducing this failure behavior.

(3) The oxidation process of the Cr-Ta-Ti modified silicide coating is controlled by the diffusion of Cr and
Si. Ta “pinned” in SiO, and TiO, not only significantly improves the high temperature viscosity of the

oxide scale, but also effectively inhibits the inward diffusion of oxygen ions and the outward diffusion of
other elements. This dual mechanism significantly reduces the oxide scale thickness and thereby
enhances the oxidation resistance of the coating.
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Figure 1

Surface XRD patterns of Cr-Ta-Ti modified silicide coatings with different Ta contents.
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Figure 2

Surface BSE images of Cr-Ta-Ti modified silicide coatings with different Ta contents:

(a) 0Ta, (b) 5Ta, (c)10Ta and (d)15Ta.
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Figure 3

Cross-sectional BSE images of Cr-Ta-Ti modified silicide coatings with different Ta contents: (a) 0Ta, (b)
5Ta, (c)10Ta and (d)15Ta.
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Figure 4

Cross-sectional BSE image of 5Ta coating and the corresponding EPMA elemental mappings.
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Figure 5

Oxidation mass gain per unit area of the Cr-Ta-Ti modified silicide coatings with different Ta contents
after oxidation at 1400 °C and 1500 °C.
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Figure 6

Macroscopic morphologies (a) and corresponding cross-sectional BSE morphologies of the failure
regions (b, c, d) of Cr-Ta-Ti modified silicide coatings with different Ta contents after oxidation.
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XRD patterns of 5Ta coating after oxidation at 1400 °C (a) and 1500 °C (b) for different time.

Page 24/30



Figure 8

Surface BSE images of 5Ta coating after oxidation at 1400 °C for (a) 1 h, (b,c) 5 h, (d) 10 h, (e) 20 h, (f)
50 h, (g) 100 h and (h,i) 150 h.

Page 25/30



+3

CrNb,Sig

(Nb,Cr,Ti,Ta)Si,

(Nb,Cr,Ti):Si,

20pm

+10 I2Z pm

Figure 9

Cross-sectional BSE images of oxide scales for 5Ta coating after oxidation at 1400 °C for (a,b) 1 h, (c) 5
h, (d) 10 h, (e,f) 20 h, (g) 50 h, (h) 100 h and (i) 150 h.
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Figure 10

Surface BSE images of 5Ta coating after oxidation at 1500 °C for (a) 1 h, (b) 5 h, (c) 10 h, (d) 20 h, (e) 50
h and (f) 100 h.
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Cross-sectional BSE images of the oxide scales for 5Ta coating after oxidation at 1500 °C for (a) 1 h, (b)
5h,(c) 10 h, (d) 20 h, (e) 50 h and (f) 100 h.

Figure 12

EPMA elemental mappings of 5Ta coating after oxidation at 1500 °C for 1 h.
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Figure 13

EPMA elemental mappings of 5Ta coating after oxidation at 1500 °C for 100 h.
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Figure 14

Schematic diagram of the formation mechanism of Cr-Ta-Ti modified silicide coating.
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Figure 15

Comparison of oxide scale thickness between 0Ta coating [51] and 5Ta coating.
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