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Abstract: Using the slurry reaction sintering process to prepare Hf-Ta-Si composite coating on Tal2W alloy surface, the effect of Si
content on the in-situ formation mechanism of the Hf-Ta-Si coating was investigated. Results show that 30Hf: 70Si coatings exhibit

inferior surface uniformity with some pores. The upper part of the sample displays a four-layer gradient structure: the outermost layer

is primarily composed of HfSi and HfC, the middle layer consists of (Ta, Hf),Si, solid solution, the lower main-layer consists of TaSi,,

and the coating/substrate interface layer is Ta,Si,. However, the flow of molten Si under gravity leads to Si-enrichment on the lower

part of the coating. After optimizing the Hf:Si ratio to 40:60, the gradient differences in elemental distribution on the coating surface
decrease. The surface layer is dominated by HfSi/HfC, but the precipitation of HfC becomes more uniform. The continuity of the (Ta,

Hf),Si, solid solution in middle layer is enhanced, whereas the lower layer and the interface transition layer remain unchanged.

Overall, a denser multi-layer gradient structure is formed with improved surface uniformity. Additionally, the acid-alcohol resin in the

organic solvent suffers high-temperature pyrolysis and in-situ reacts with Hf to generate the ultra-high-temperature ceramic HfC. This

phenomenon is expected to enhance the oxidation resistance and high-temperature stability of coating.

Key words: Ta-based alloy; Hf-Ta-Si coating; in-situ formation mechanism; HfC; gradient structure

1 Introduction

Tantalum and its alloys are extensively utilized in high-
temperature environments owing to their high density,
excellent cold workability, high thermal conductivity, and
strong corrosion resistance. Among them, tantalum-tungsten
alloys with superior high-temperature mechanical properties
have emerged as ideal candidates for hot-end components,
such as hypersonic vehicles, rocket engine nozzles, and
missile nose cones!. However, tantalum-tungsten alloys
undergo rapid oxidation at around 500 °C, producing an oxide
layer of Ta,O, with a high Pilling-Bedworth ratio (PBR, the
molar volume ratio of a metal oxide to the metal consumed in
forming the oxide) of approximately 2.47%. The high PBR
value leads to significant stress during the growth process of
the oxide film, affecting the bonding strength between the
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oxide film and the tantalum alloy matrix, which in turn easily
causes the formation of defects, such as cracks. Furthermore,
the porous nature of the Ta,O, oxide film further weakens the
structural integrity of the oxide film. Therefore, in oxygen-
rich environments above 500 °C, the Ta,O, oxide film on the
surface of tantalum alloys suffers severe cracking and spalling
due to the dual effects of stress and pores, leading to easy
contact between oxygen and tantalum alloy matrix. This
phenomenon accelerates the oxidation reaction, ultimately
leading to rapid oxidative failure of the tantalum alloy in such
environments®.

Currently, applying high-temperature protective coatings on
tantalum-based alloys has become an effective approach to
improve their high-temperature oxidation resistance!*".
Surface coating technique can improve the oxidation
resistance of refractory alloys without compromising the

Foundation item: National Natural Science Foundation of China (52071274); Natural Science Foundation of Shaanxi Province of China (2025JC-YBMS-466); Key
Research and Development Projects of Shaanxi Province (2023-YBGY-442); Science and Technology Nova Project-Innovative Talent Promotion Program of Shaanxi

Province (2020KJXX-062)

Corresponding author: Wang Xin, Ph. D., Professor, Northwest Institute for Nonferrous Metal Research, Xi’an 710016, P. R. China, E-mail: wangx@alum.imr.ac.cn;
Liu Yanming, Ph. D., Associate Professor, College of Materials Science and Engineering, Xi’an Shiyou University, Xi’an 710065, P. R. China, E-mail: ymliulOs@

alum.imr.ac.cn

Copyright © 2025, Northwest Institute for Nonferrous Metal Research. Published by Science Press. All rights reserved.



2510 Han Chengxu et al. / Rare Metal Materials and Engineering, 2025, 54(10):2509-2524

mechanical properties of the substrate. Various methods are
used to prepare oxidation-resistant coatings on refractory
metal alloys, such as slurry sintering, halide-activated pack
cementation (HAPC)™, spark plasma sintering (SPS)", and
hot dip siliconizing (HDS)"*". The slurry sintering process is
characterized by simplicity, cost-effectiveness, material
adaptability, high bonding strength, and applicability to
complex-shaped substrates, enabling large-scale low-cost
production for industrial use. This technique allows for the in-
situ formation of multiphase composite coatings in a single
step, minimizing the cracks and pores. The multilayer gradient
structure alleviates stress concentration and effectively
accommodates thermal mismatches. A diffusion layer forms
between the coating and the substrate through metallurgical
bonding, significantly improving adhesion and mitigating the
detachment issue of traditional coatings. Furthermore, Liu™"
and Lin™ et al reported that the in-situ formation can enhance
the high-temperature strength-ductility synergy, yield strength,
ultimate tensile strength, and other properties of materials
through various mechanisms, including dislocation, solid

'I'used the slurry fusion

solution, and precipitation. Wang et all
sintering technique to fabricate an in-situ (Ti, Nb, Mo),Si,
dual-phase composite coating on the surface of C103 alloy.
The surface layer of this coating is composed of a high-silicon
phase of (Nb, Mo)Si,, demonstrating remarkable composite
gradient structure and oxidation resistance. In addition, Cai et
a” prepared a novel YSZ-modified Si-Mo coating on the
surface of TZM alloy via the slurry fusion sintering method.
The resultant coating had an outer layer of (Mo, Zr)Si, and an
inner layer of (Ta, W)Si,, exhibiting excellent oxidation
resistance and structural integrity. Sun et al” crafted a dual
MoSi,-based/NbSi, coating on Nb alloy using HAPC and SPS
methods. However, this two-step preparation process is
characterized by complex techniques and long-period
preparation duration. Zhang"*' and Fu*" et al employed
HDS method to deposit a silicide coating on pure
molybdenum plates and other substrates. The coating had
uniform composition and a smooth surface, but this method
caused high energy consumption at elevated temperatures,
potentially impacting the mechanical properties of the
parts.
Consequently, the slurry fusion sintering method is more

substrate, which is unsuitable for precision
appropriate for coating preparation, and it is adopted in this
research.

Silicide-based high-temperature protective coatings are the
most widely applied ones for the tantalum alloys. In high-
temperature oxidizing environments, a protective SiO, glass
film is usually formed by the selective oxidation reaction of
silicon. This glass film demonstrates unique viscous flow
characteristics under high-temperature conditions, which can
repair microcracks, pores, and other defects within the
coating, exhibiting a certain degree of self-healing capability.
Therefore, silicide coatings exhibit excellent oxidation resis-
tance within the high-temperature range of 1000—1700 °C™*¥,
However, when the temperature surpasses the melting point of

Si0, (1710 °C), the viscosity of the protective SiO, glass film

drops sharply, diminishing the barrier effect against oxygen
diffusion and significantly reducing the lifespan of
coating!”"®. When the ambient temperature rises to 1800 °C,
the vapor pressure of SiO at the interface between the silicide
and the SiO, glass film exceeds 100 kPa, resulting in active
oxidation of the coating and subsequently degrading the
protective performance’”. Meanwhile, a significant mismatch
exists in the coefficient of thermal expansion (CTE) of the
high-silicon phase ceramic TaSi, (8.8x107° °C™)", the oxi-
dized SiO, glass film (0.55x107° °C™")™, and the tantalum
alloy substrate (6.5x10° °©C™")™. Coupled with the inherent
brittleness of TaSi, and SiO,, the silicide coating on the
tantalum alloy surface is prone to the formation of penetrating
cracks or spalling during thermal cycling, ultimately leading
to a significant reduction in the service life of coating.

The Hf-Ta-based ultra-high-temperature ceramic system® "
exhibits
environment protection. Kiryukhantsev-Korneev et a
fabricated Mo-Si-B, Mo-Hf-Si-B, and other related coatings
through combustion synthesis and hot pressing techniques.

unique advantages in the field of extreme

[B132

These coatings are compatible with a wide range of substrates.
The incorporation of hafnium alleviates the brittleness of Mo-
Si-B coatings and enhances their tribological properties.
Furthermore, Mo-Hf-Si-B coatings demonstrate exceptional
oxidation resistance. The doping of hafnium facilitates defect
repair, which is attributed to the formation of a protective
oxide layer composed of SiO, and HfO,/SiO, on the coating
surface. Notably, the Mo-Hf-Si-B coating deposited via direct
current electrodeposition exhibits the shallowest oxide layer
depth (approximately 4 um) after oxidation tests. Most reports
about Hf-Ta-Si focus on their application in C/C
composites™ %, Tong et al™ introduced tantalum into the
matrix using the polymer infiltration-pyrolysis method to
bolster the cyclic ablation performance of C/Hf-Si-C
composites. The introduction of tantalum provides robust
oxygen barrier and impact resistance properties for the ablated
composites. Additionally, the stress degradation trend of the
material shifts from a continuous decline to a stepwise one.
The fiber pull-out length at the fracture site is markedly
reduced, whereas the adhesion and compactness of the oxide
film are significantly enhanced. As the core components of
this system, TaC (melting point of 3880 °C) and HfC (melting
point of 3950 °C) complement each other in performance,
offering mechanical stability at 3000 ° C and the highest
melting point among binary ceramics, respectively. Notably,
HfC not only exhibits ultra-high-temperature resistance but
also generates HfO, (melting point of approximately 2800 °C)
as the oxidation product. This product has a low saturated
vapor pressure and a high CTE of 9.3x107° °C™'P", effectively
forming a stable oxide layer™?!. This synergistic effect is
further amplified in the Hf-Ta coating. The high-temperature
oxidation process produces a special multiphase oxide
Hf,Ta,O,, for the protection of tantalum alloys. This oxide not
only maintains the single-phase stability of the a-PbO,-type
orthorhombic structure (no phase transition occurs from room
temperature to its melting point) but also possesses a high
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melting point (approximately 2400 °C), low thermal conduc-
tivity, and appropriate thermal expansion characteristics which
match well with those of the substrate (CTE=9.59x10" °C™),
making it an ideal thermal structural protective layer™ *.
These excellent thermal properties allow the Hf-Ta coating to
serve stably at 1800 °C for long periods, and even provide
effective short-term protection under extreme conditions at
2000 °C*",

However, traditional Hf-Ta coatings face restrictions in
oxygen-enriched atmospheric environments due to the high
oxygen diffusion rate in their oxide films, resulting in
inadequate oxygen barrier capabilities for the substrate. To
overcome this bottleneck, this study introduced Si as a
modifying element to construct a HfO,/HfTa,0,-SiO,
composite structure within the oxide film. This multiphase
composite structure laid the foundation for subsequent
oxidation regulation. During high-temperature oxidation,
HfTa,0,, and HfO, jointly formed a rigid framework,
stabilizing the SiO, glass phase through a pinning effect.
Simultaneously, the flowing SiO, effectively fills the
framework pores, forming a dense composite oxide film. This
structural innovation endows the coating with threefold
advantages: (1) the HfO,/Hf,Ta,0O,, framework provides high-
temperature strength and thermal expansion matching; (2) the
SiO, glass phase inhibits oxygen diffusion and repairs
microcracks; (3) the multiphase synergistic effect significantly
enhances oxidation resistance, thermal shock resistance, and
high-temperature erosion resistance. Through the coordinated
regulation of composition design and diffusion kinetics, the
modified Hf-Ta-Si coating may ultimately construct a gradient
protective system, which is suitable for extreme thermal-
mechanical-chemical coupled environments. This structural
innovation and its impact mechanism require further
investigation.

Therefore, this study used Tal2W alloy as the substrate and
designed two types of high-Si slurries. By controlling the high-
temperature diffusion reaction between the slurries and the
Tal2W alloy substrate during the high-temperature vacuum
melting and sintering processes, an in-situ Hf-Ta-Si coating
was formed on the substrate surface. Additionally, during the
vacuum reaction sintering process, the samples were vertically
suspended, leveraging the flow characteristics of Si element
under high-temperature conditions to swiftly cover the
microstructure of target coating. This approach facilitated
high-throughput preparation of the coating and clarified the
influence mechanism of Si addition on the phase composition
and microstructure of the Hf-Ta coating.

2 Experiment

Tal2W alloy was used as the substrate material. The
pretreatment steps for the substrate material were as follows.
Firstly, the alloy plate was processed into a sheet-like sample
with dimensions of 75 mmx10 mmx1.5 mm. Then, the sample
surfaces were sequentially polished using 180# and 600#
sandpaper to remove oxide scales and cutting marks, followed
by edge and corner chamfering. Subsequently, the sample

underwent sandblasting treatment to achieve a rough surface.
The sand used for the sandblasting process was ZrO, with
particle size of 40—60 um, and the sandblasting pressure was
maintained at 5 MPa. Finally, the samples were immersed in
an ethyl acetate solution for ultrasonic cleaning for 30 min. To
prevent the influence of the oxygen-absorbing layer on the
sample surface during coating preparation, the samples were
etched with a mixed acid solution of hydrofluoric acid and
nitric acid before slurry spraying.

Hf and Si powders were used as raw materials for the
coating preparation, and the coating was prepared on the
surface of Tal2W alloy substrate through a slurry reaction
sintering process. Firstly, raw powder materials containing Hf
(99.9wt% purity, particle size of 1-10 pm) and Si (99.9wt%
purity, particle size of 1-5 pm) with mass ratios of 30:70 and
40:60 were accurately weighed using an electronic balance. A
dispersant was formulated by blending nitrocellulose lacquer
and ethyl acetate in a specified ratio, and then it was mixed
with the powder to produce a slurry. The slurries prepared
with Hf: Si ratio of 30:70 and 40: 60 were denoted as 30Hf-
70Si and 40Hf-60Si slurries, respectively. Subsequently, the
slurry was poured into an agate ball mill (500 mL, with a
fixed number of balls) and placed in a planetary ball mill
(XGB4 model,
Instrument Technology Co., Ltd). The mill was set to rotate at

manufactured by Nanjing Boyuntong

the speed of 340 r/min with a milling cycle of clockwise
rotation for 0.8 h, followed by counterclockwise rotation of
0.8 h, and the gap time was 0.4 h. After a total milling
procedure of 48 h, two distinct Hf-Si coating slurries with
different composition were obtained. Employing a portable
handheld air spray gun (Iwata LPH-80-104G, Japan), the
slurries of equal volume were dispensed sequentially with the
spraying distance of approximately 25 cm. The slurry was
then evenly applied onto the surface of the Tal2W alloy
sample using the spray gun, followed by drying at 80 °C for
15 min. Finally, the sample was positioned inside a vacuum
sintering furnace with vacuum level of no more than 1x107
Pa. Initially, it was heated at a rate of 10 °C/min to reach
800 °C and maintained at designed temperature for 30 min.
Subsequently, the heating rate increased to 15 ° C/min to
achieve 1420 °C and then held for 60 min. Ultimately, the
sample cooled down naturally within the furnace, forming the
as-prepared coating.

X-ray diffractometer (XRD, Rigaku SmartLab, with a high-
probability rotating anode) was employed with Cu as the
target material. XRD analysis was operated at a voltage of 40
kV and scan speed of 2°/min with a step size of 0.02°. The
scanning range 260 was set as 20°—80°. The composition as
well as surface and cross-section morphologies of the coatings
were characterized by a field emission scanning electron
microscope (SEM, SU-5000, Oxford, UK) coupled with an
energy dispersive X-ray spectroscope (EDS, X-Max, Oxford,
UK). The microstructure of the coating was further examined
using a transmission electron microscope (TEM, Talos
F200X, USA), and the phase composition of the micro-area
was analyzed through selected area electron diffraction
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(SAED). TEM samples were processed using focused ion
beam (SEM FEI, VERSA 3D, America) technique.

Thermodynamic calculations were performed on the
potential phases that may form during the growth process of
the coating by commercial software packages HSC Chemistry
v.6.0 (Outokumpu Research Oy, Pori, Finland) and Facstage
Education (Montreal, Canada and Aachen, Germany) to
determine their phase stability.

3 Results

3.1 Microstructure and phase composition of 30Hf-70Si-
Ta coating

Fig. 1 illustrates the appearances and XRD patterns of
different areas of the as-prepared 30Hf-70Si-Ta coating on
Tal2W alloys using 30Hf-70Si slurry, which is referred to as
30HS sample, after vacuum reaction sintering. Significant
differences in surface morphology can be observed: four
distinct characteristic areas can be distinguished from top to
bottom of the sample. The surface at area 1 is flat and exhibits
a silvery-white metallic luster; the surface morphology of area
2 is similar to that at area 1, but it has a slight striped pattern;
the surface of area 3 is a mixed-color area of radial silvery-
white and dark gray phases; the surface of area 4 is flat and
dark gray. Fig. 1 also presents XRD patterns of different
regions of the 30HS sample. The area 1-3 of the as-prepared
coating mainly contain three phases: HfSi (PDF: 65-5750),
HfC (PDF: 65-8750), and HfSi, (PDF: 42-1166). The
diffraction peak intensities of HfSi and Hf[Si, increase near

the bottom area of the sample, indicating higher
concentrations of these phases in the bottom area. In contrast,
the surface phase of area 4 is dominated by HfC. A minor
amount of TaC (PDF: 19-1294) still exists on the surface, and
two forms of carbon (PDF: 50-1082 and PDF: 26-1077) can
also be detected.

Further characterization was conducted on the microstruc-

tures at various positions of the as-prepared 30HS sample.
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Fig.1 Appearances and XRD patterns of different areas of 30HS

sample

Fig.2 Surface morphology (a) and cross-section morphology (b) of area 1 of 30HS sample; magnified image of dotted rectangular area in Fig.2b (c);

EDS mapping results corresponding to Fig.2b (d)
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Fig.2a—2b illustrate the surface and cross-section microstruc-
tures of area 1 of 30HS sample, respectively. As depicted in
Fig.2a, the coating surface of area 1 displays no discernible
defects, such as pores, but contains a small number of cracks.
According to Fig. 2c, it can be observed that the coating
surface exhibits both flaky and striped morphologies. As
shown in Fig.2b and 2d, it is evident that the coating thickness
of area 1 is approximately 81 pm. The -cross-section
morphology exhibits a four-layer morphology: an upper layer
of Hf-rich ceramic-metal composite, a middle layer of silicide,
a lower layer of high-silicide, and a coating/substrate interface
reaction layer. Moreover, the coating is entirely continuous
and dense with only minor pores on the surface layer of the
coating, as shown in Fig.2c. Table 1 presents EDS analysis
results of different locations depicted in Fig.2. Based on the
atomic ratio of elements, XRD results, and the Ta-Si"” and Hf-
Si* phase diagrams, it is preliminary determined that the
main layer of the coating is identified as dark gray high-
silicide phase TaSi, (point 1), whereas the interface reaction
layer between the coating and the substrate is Ta,Si, (point 2),
and this layer thickness is approximately 6 pm. Combining
EDS and XRD results, the light gray phase in the upper layer
of the metal ceramic is identified as HfSi (point 3), the white

contrast phase is HfC (point 4), and the dark gray phase is
HfSi, (point 5). The middle layer is primarily composed of the
Ta,Si, medium-silicide phase with a substantial amount of Hf
solid-solubilized in Ta,Si, near the upper layer of the coating
(point 6), whereas the Hf content significantly decreases in
Ta,Si, at the lower position (point 7).

Fig.3a—3b show the surface and cross-section morphologies
of area 2 of the as-prepared 30HS sample, respectively. As
shown in Fig. 3a, the coating surface is smooth with minor
cracks and localized granular particles, but no obvious defects,
such as pores, can be observed. The local magnification

Table 1 Composition of different points marked in Fig.2 (at%)

Point C Si Hf Ta w
1 - 70.3 0.9 28.3 0.5
2 - 43.0 2.0 52.9 2.1
3 - 58.8 349 6.3 -
4 64.7 - 27.8 72 0.3
5 - 67.6 25.5 6.7 0.2
6 - 47.1 23.7 26.4 2.8
7 - 57.2 9.4 29.1 43

Fig.3 Surface morphology (a) and cross-section morphology (b) of area 2 of 30HS sample; magnified images of dotted rectangular area A (c) and

area B (d) in Fig.3b; EDS mapping results corresponding to Fig.3b (e)
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reveals that some granular particles are pinned within the
cracks on the coating surface. Fig.3b shows that the coating
thickness is approximately 107 pm, exhibiting a distinct
layered dense structure. Table 2 shows the composition of
different points marked in Fig.3. It can be seen that the lower
high-silicide layer and the coating/substrate interface reaction
layer of area 2 have the same phases as those of area 1,
predominantly consisting of TaSi, and Ta,Si,, but the thickness
of interface reaction layer is about 4 um. However, the upper
metal-ceramic layer (Fig. 3c) exhibits a more uniform
structure, containing a higher proportion of HfSi, and a
smaller amount of HfC and HfSi. Additionally, the middle
silicide layer still contains a significant amount of (Ta, Hf),Si,.

Table 2 Composition of different points marked in Fig.3 (at%)

Point C Si Hf Ta w
1 - 474 43.7 8.1 0.8
2 - 67.8 26.2 6.0 -
3 63.0 - 329 4.1 -
4 - 48.1 26.5 22.5 29
5 - 70.6 33 23.4 2.7

Fig. 4a — 4b depict the surface and cross-section
morphologies of area 3 of the 30HS sample, respectively. As
shown in Fig. 4a, the coating surface displays a wavy
morphology with a few cracks, but no significant defects, such
as pores, can be observed. Furthermore, the darker contrast
areas correspond to Si-rich regions. Fig.4b—4d show the cross-
section morphologies of the 30HS sample. It can be seen that
the thickness is approximately 118 um. A three-layer structure
can be observed: an upper ceramic-metal composite layer, a
middle high-silicide matrix layer, and a coating/substrate
interface reaction layer. Table 3 shows the composition of
different points marked in Fig.4. According to Table 3, the
upper layer of the coating is enriched with Hf, HfC particles
are dispersed within HfSi,, and a significant amount of Si is
also enriched in this layer. Additionally, a transition zone
(point 5) exists between the Si-rich region and the main layer,
where a small amount of element Hf is dissolved. The main
layer of the coating mainly consists of TaSi,, and dispersed
Ta,Si, particles exist beneath the main layer. Due to the high
Si content in the coating, the intermediate ceramic layer and
the medium-silicide Ta,Si, in the interface reaction layer are
transformed into TaSi,. This result leads to the disappearance
of the medium-silicide layer, and the thickness of the interface

Fig.4 Surface morphology (a) and cross-section morphology (b) of area 3 of 30HS sample; magnified images of dotted rectangular area A (c) and

area B (d) in Fig.4b; EDS mapping results corresponding to Fig.4b (e)
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reaction layer between the coating and the substrate is
significantly thinner than that of area 1 and area 2. The

Table 3 Composition of different points marked in Fig.4 (at%)

Point C Si Hf Ta w
1 66.4 0.4 30.6 - 2.6
2 - 63.9 325 3.6 -
3 - 68.9 9.0 20.5 1.6
4 - 99.9 0.1 - -
5 - 82.5 13.3 3.6 0.6

thickness of the interface reaction layer of area 3 is only 1 pm
and this layer is light gray.

Fig. 5a — 5b present the surface and cross-section
morphologies of area 4 of the 30HS sample, respectively. As
shown in Fig. 5a, the coating surface is porous and granular
without obvious microcracks. According to Fig. 5b—5d and
EDS mapping results (Table 4), it can be seen that the overall
thickness of the coating is approximately 250 um. The cross-
section morphology can still be divided into three layers: an
upper thick ceramic-metal composite layer, a middle high-
silicide layer, and a lower extremely thin interface reaction

1 TS,

layer (thickness of approximately 0.7 pm). The upper layer of
the coating mainly contains striped HfSi, and a large amount
of undissolved Si. The main layer consists of TaSi,. In the
transition zone, a trace amount of Ta and W is dissolved in Si.
Due to the primary enrichment of Si on the surface, the
coating/substrate interface reaction layer is relatively thin.

The morphology differences of different areas of 30HS
sample are primarily attributed to the gravitational flow of a
large amount of molten Si from top to bottom. This flow
results in relatively smooth appearance of area 1 —2 with
striped and channel-like microstructures. Area 3 exhibits a
striped and channel-like morphology at the macroscale, and its
microstructure displays wavy undulations. Area 4 is flat, but
its microstructure contains a significant amount of unsintered
and accumulated Si. Consequently, the slurry composition can
be optimized by reducing the Si content.

3.2 Microstructure and phase composition of 40Hf-60Si-
Ta coating

Fig.6 shows the appearances and XRD patterns of different
areas of the as-prepared 40Hf-60Si-Ta coating using the 40Hf-
6081 slurry after vacuum reactive sintering, which is referred
to as 40HS sample. The coating surface exhibits three distinct
morphological features. The top area (area 1) is flat and

Fig.5 Surface morphology (a) and cross-section morphology (b) of area 4 of 30HS sample; magnified images of dotted rectangular area A (c) and

area B (d) in Fig.5b; EDS mapping results corresponding to Fig.5b (e)
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predominantly dark gray. The middle area (area 2) displays a
slightly striped surface morphology. The bottom area (area 3)
is relatively smooth and exhibits a shiny appearance. XRD

Table 4 Composition of different points marked in Fig.5 (at%)

Point Si Hf Ta w
1 64.1 323 3.6 -
2 99.9 0.1 - -
3 93.5 0.5 2.1 39

patterns reveal that the area 1—2 primarily consist of HfSi
(PDF: 65-5750), HfC (PDF: 65-8750), and Hf,Si, (PDF: 42-
1166). Notably, XRD pattern of area 3 exhibits a distinct
diffraction peak of element Si, indicating the presence of
undissolved Si on the coating surface.

Fig. 7a — 7b illustrate the surface and cross-section
morphologies of area 1 of 40HS sample, respectively. As
shown in Fig.7a, the coating surface displays a small number
of cracks and micropores, and the surface is plate-like and
planar. According to Fig. 7b — 7d, the coating thickness is
approximately 89 um, and the coating is continuous and dense

* HIC » HfSi @ Si v Hf,Si,

Y LT 05 e* v o Area 3
= * Area 2
s | K * K 1 *
% (It TN T d U * )
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Fig.6 Appearances and XRD patterns of different areas of 40HS

sample

with a four-layer structure: an upper Hf-rich ceramic-metal
composite layer, a middle medium-silicide layer, a lower high-
silicide layer, and a coating/substrate interface reaction layer.
Table 5 lists the composition of different points marked in

Fig.7 Surface morphology (a) and cross-section morphology (b) of area 1 of 40HS sample; magnified images of dotted rectangular area A (c) and

area B (d) in Fig.7b; EDS mapping results corresponding to Fig.7b (e)
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Fig. 7. Combining the XRD results and the Ta-Si"** and Hf-
Si* phase diagrams, the phases of each layer are as follows:
the outermost surface of the upper metal-ceramic layer mainly
contains HfC; the sub-surface layer contains HfSi and HfSi;
the middle medium-silicide layer is mainly composed of
continuous (Ta, Hf)Si;; the lower high-silicide layer is
predominantly TaSi,. The interface reaction layer between the
coating and the substrate consists of Ta,Si, and its thickness is
approximately 5 pm. These results are basically the same as
those of the 30HS sample.

Fig.8a—8b show the surface and cross-section morphologies
of area 2 of 40HS sample, respectively. As shown in Fig. 8a,
the plate-like morphology characteristic of the coating surface

Table 5 Composition of different points marked in Fig.7 (at%)

Point C Si Hf Ta w
1 - 70.6 1.6 25.8 2.0
2 - 43.7 1.3 49.2 5.8
3 65.9 - 30.2 39 -
4 - 46.8 48.7 43 0.2
5 - 65.3 29.5 5.0 0.2
6 - 46.4 24.1 26.9 2.6

is no longer prominent. Instead, the surface exhibits a
smoother planar morphology with minor cracks. As depicted
in Fig. 8b, the thickness of area 2 of the as-prepared 40HS
sample is approximately 121 pm, and the cross-section also
has a four-layer structure. Table 6 lists the composition of
different points marked in Fig.8. According to EDS results in
Table 6, the upper ceramic-metal composite layer primarily
consists of HfSi, HfSi,, and HfC. The middle medium-silicide
layer contains (Ta, Hf),Si, dispersed within TaSi,. The lower
main layer is predominantly composed of TaSi, with a
significant amount of Ta,Si, dispersed at the bottom region.
The interface reaction layer between the coating and the
substrate is about 2.4 um in thickness, and its phase is
identical to that of area 1 of 40HS sample.

Fig.9a—9b show the surface and cross-section morphologies
of area 3 of 40HS sample, respectively. As shown in Fig.9a,
the coating surface displays local peeling phenomenon, the
upper surface exhibits a planar morphology, and the peeling
areas show a lath-like morphology. Notably, no significant
cracks are detected at this area. As depicted in Fig. 9b, the
thickness of area 3 is approximately 198 pm, and its cross-
section morphology consists of three layers: an upper ceramic-
metal composite layer, a middle high-silicide layer, and a

Fig.8 Surface morphology (a) and cross-section morphology (b) of area 2 of 40HS sample; magnified images of dotted rectangular area A (c) and

area B (d) in Fig.8b; EDS mapping results corresponding to Fig.8b (e)
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lower coating/substrate interface reaction layer. Table 7 lists
the composition of different points marked in Fig. 9.
According to EDS results in Table 7, the outer part of the
ceramic-metal composite layer on the surface has a large
amount of Si (point 4 in Fig.9¢) and contains light gray phases
of (Ta, Hf)Si, (point 2 in Fig.9c). At the interface between Si
and (Ta, Hf)Si,, some white HfC particles (point 1) are
precipitated, whereas the dark gray phase at point 3 represents
Si with a small amount of dissolved Ta and W. Furthermore,
the main phase of area 3 and the phase of the interface
reaction layer are TaSi, and Ta,Si,, respectively. The interface
reaction layer is very thin of approximately 0.9 pum in
thickness.

To further ascertain the precise phase composition of the

Table 6 Composition of different points marked in Fig.8 (at%)

Point C Si Hf Ta w
1 - 42.1 52.3 5.1 0.5
2 65.8 - 32.6 1.3 0.3
3 - 63.1 31.1 53 0.5
4 - 42.6 33.6 20.9 29
5 - 68.1 0.5 28.1 33

Table 7 Composition of different points marked in Fig.9 (at%)

Point C Si Hf Ta w
1 63 - 329 4.1 -
2 - 66.7 15.1 16.3 1.9
3 - 89.1 0.4 4.6 59
4 - 100.00 - - -

upper ceramic-metal composite layer, TEM analysis was
conducted on the area 2 of as-prepared 40HS sample. Fig. 10
presents the microstructures of the ceramic-metal composite
layer and SAED patterns at different locations. Table 8 lists
EDS analysis results of points marked in Fig. 10. Fig. 10a
shows the high-angle annular dark field (HAADF) image of
the area 2 of 40HS sample. It can be seen that HfC ceramic
particles are embedded within the silicide ceramic matrix in
the outermost layer of the coating, accompanied by a small
number of pores. SAED pattern of area B in Fig.10a (Fig.10d)
indicates that the white ceramic particles in the outermost
layer are HfC. Fig.10c and 10g exhibit amorphous halo rings,
corresponding to an amorphous structure. Thus, the specific
phase cannot be determined. Based on EDS results in Table 8,
region A is identified as the HfTaSi phase, which is brighter

Substrate

Fig.9 Surface morphology (a) and cross-section morphology (b) of area 3 of 40HS sample; magnified images of dotted rectangular area A (c) and

area B (d) in Fig.9b; EDS mapping results corresponding to Fig.9b (e)
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compared with the area C and D, suggesting that it is a
medium-silicide phase. Meanwhile, area E is determined to be
the HfTa phase, which is formed during the vacuum reaction
sintering process when Ta atoms diffuse from the matrix and
dissolve in the unreacted Hf powder.

SAED pattern of area D indicates the presence of HfTaSi
ceramic phase, whereas the SAED pattern of area C reveals
distinct amorphous rings, which further suggests the presence
of HfTaSi particles in area D. EDS characterization reveals
that area F—H are all composed of HfC ceramic phase. High-
resolution characterization of area I is shown in Fig. 10h. The
lower-left area exhibits distinct lattice fringes characteristic of
the HfC ceramic phase, whereas the upper-right area shows no
such fringes, indicating the presence of the HfTaSi phase.
Fig. 10i is a local magnified image of Fig. 10h, and the
calculated interplanar spacing is approximately 0.263 nm.

Based on the comprehensive TEM results, the medium-
siliconized hafnium region on the coating surface is
amorphous, making it impossible to definitively identify the
specific phase as HfSi or HfSi,. Through TEM analysis, HfSi,
can be confirmed as the HfTaSi ceramic phase, and some
regions are amorphous.

Comparing 30HS and 40HS samples, it is observed that
both coatings exhibit non-uniform surface morphologies in
their as-prepared states. The surface of 30HS sample can be
differentiated into four characteristic morphologies, whereas
the surface uniformity of the 40HS sample shows great
improvement: its surface features three typical zones. It is
found that the structures of the two coatings are similar,
featuring an Hf-rich ceramic-metal composite layer composed
of HfC ultra-high-temperature ceramics, HfSi, and HfSi, on
the surface, and a middle layer of Ta,Si, with a substantial
amount of Hf dissolved in solid solution. Both coatings have
the main layer phase of TaSi, and interface reaction layer
phase of Ta,Si,, and the thickness of the interface reaction
layer is 5—6 pum. The cross-section morphologies of area 2 of
both 30HS and 40HS samples exhibit similarities: they both
contain a surface layer, an intermediate layer, a main layer,
and an interface reaction layer. Notably, excessive micropores
exist within the intermediate layer. The phase composition and
uniformity of these four structures remain consistent and align
well with each other. However, a notable difference arises: the
outermost layers of 30HS sample contain a substantial amount
of HfSi,, whereas those of 40HS sample contain HfSi. This
variation stems from the reduced Si content. The area 3 of
both 30HS and 40HS samples shows the enrichment of Si in
the samples. The evident segregation of Si is strongly
correlated with the gravitational pull exerted by liquid silicon
during the vacuum melting process. Despite these variations,
the overall structures of the three coatings share similarities.
Notably, the Si enrichment in the area 3 of 30HS sample is
relatively less pronounced, compared with that at the other
two areas. Due to the accumulation of Si, the surface phase is
composed of HfC ceramic and HfSi,. The excessive Si
catalyzes the rapid reaction of the intermediate layer phase
Ta,Si, into the main layer phase TaSi,. Consequently, the cross-

sections of these three areas do not exhibit an intermediate
layer, and the interface reaction layer is exceedingly thin of
approximately 1 pm in thickness.

High-throughput coating preparation can be achieved by
vertically suspending samples, ultimately yielding the targeted
microstructure within the area 1 of the 40HS sample. This
area features a pronounced gradient distribution in its
microstructure, indicating an in-situ formed composite
coating. The surface layer of the coating contains ultra-high
temperature ceramics, namely HfC and Hf-Si ceramics,
showing a low porosity. The middle layer is predominantly
composed of a continuous (Ta, Hf),Si, silicide, whereas the
lower layer is mainly characterized by high-silicide
component TaSi,. The interface reaction layer between the
coating and the substrate consists of Ta,Si,. This gradient
structure can effectively alleviate the thermal mismatch
between the substrate and the coating, preventing interfacial
delamination under rapid cooling and heating. Additionally,
the elastic modulus of each layer gradually changes, reducing
stress concentration caused by external impact or cyclic
loading, and enhancing the resistance against spalling.

4 Discussion

4.1 In-situ reaction mechanism of Hf-Ta-Si coating

In this study, pure Si and Hf powders were used as the raw
materials to prepare Hf-Ta-Si layered composite coatings on
Tal2W substrates via slurry vacuum melting and sintering
processes. During the vacuum melting and sintering process,
Si in the slurry, which is located in the upper layer and has a
lower melting point, preferentially melts to form a liquid Si
phase. In this process, the metallic Hf powder is encapsulated
by the molten Si, which also wets the Tal2W substrate.
Subsequently, through thermal diffusion, the molten Si reacts
with the metal powder and the substrate to form various
silicide ceramic phases.

The two Hf-Ta-Si coatings exhibit significant morphology
differences from top to bottom region, which are attributed to
the varying Si content on the Tal2W alloy surface during the
high-temperature vacuum reaction sintering process. At the
initial stage of sintering, Si in the slurry melts, the liquid Si
wets the Tal2W substrate, and the metal powder particles
within the slurry are pre-layered. However, due to the vertical
suspension of the samples and the strong fluidity of the
molten Si on the sample surface, the molten Si flows towards
the lower end of the sample under gravity, leading to notable
variations in the Si content across different regions of the
coating. As illustrated in Fig.5 and Fig.9, the surface layer of
the coating at the bottom region contains a significant amount
of unreacted Si. Two types of Hf-Ta-Si coatings display a
layered morphology from the outer to the inner regions at
various locations. The formation of the layered composite
coating is directly associated with the thermodynamic and
kinetic processes under specific conditions during the vacuum
sintering of the slurry. During the high-temperature sintering
process, 11 chemical reactions may occur, as follows:
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[010]

’

Fig.10 HAADF image (a) and corresponding EDS elemental mapping results (a,—a,) of area 2 of 40HS sample; magnified image of red-dotted
rectangular area in Fig.10a (b); SAED patterns of area A (c), area B (d), area C (e), area D (f), and area E (g) marked in Fig.10a; high-
resolution TEM image (h) and local magnified image (i) of area I in Fig.10b

Hf + Si = HfSi (1 Hf + Ta + Si = HfTaSi (6)
S/4Hf + Si = 1/4Hf,Si, ) 1/2Ta + Si = 1/2TaSi, (7
1/2Hf + Si = 1/2HfSi, 3) 5/3Ta + Si = 1/3Ta,Si, ()
HfSi + Si = HfSi, @) 1/7Ta,Si, + Si = 5/7TaSi, )

1/6Hf,Si, + Si = 5/6HfSi, 5) 12W + Si = 1/2WSi, (10)
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Table 8 Composition of different areas marked in Fig.10 (at%)

Area C Si Hf Ta w
A 34 25.7 42.7 28.2 -
B 21.4 - 442 344 -
C 7.9 29.8 347 27.6 -
E 2.0 - 55.2 42.8 -
F 24.5 - 46.5 29.0 -
G 27.1 - 424 30.5 -
H 20.6 - 432 36.2 -

5/3W + Si = 1/3W.Si, (11)

e —e— 1/7TaSi;+Si=5/7TaSi, (5)| —*— 1/2Ta+Si=1/2TaSi,
g OF v 1/7W.Siy#Si=5/7WSi, | —&— 5/3W+Si=1/3W,Si,
: —o— 12W+Si=1/2WSi, .
= — 32

oz —S0F

—e— 5/3Ta+Si=1/3Ta,Si,
| —v— HF (s1+C (5)=HIC ()

Sintering temperature:

v v v v v v v v
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Fig.1l AG2-T curves of possible reactions during coating

preparation process

Fig.11 illustrates the Gibbs free energy (A.G2) variation as a
function of temperature (7) for different reactions involved in
the formation of the Hf-Ta-Si layered composite coatings. It

Slurry
sintering

Upper part

®Si OHf ®Ta eHfC

[ HfSi HfTaSi

[wte s @goetme g o ®

OVl I AR iy

Middle part

@ Hole

reveals that the A G® values for all reactions are less than 0,
indicating that the reactions can spontaneously proceed within
the corresponding temperature ranges. During the initial stage
of sintering, due to the lower melting point of Si, Si melts
firstly to form a liquid Si phase. The liquid Si covers the Hf
powder and reacts with Hf to produce the corresponding
silicides*. At this stage, the reactions primarily involve the
formation of Ta silicides. Notably, the Gibbs free energy
corresponding to Eq.(8) is more negative, suggesting that this
reaction is thermodynamically more favorable and
preferentially forms Ta,Si,. Concurrently, liquid Si wets the
Tal2W substrate, and Hf and Si atoms undergo different
degrees of interdiffusion with the substrate. Since the
diffusion coefficient of molten Si is much higher than that of
solid metal Hf, Si rapidly reacts with the substrate to form a
Ta,Si, transition zone. Subsequently, the growth of the
interface reaction layer is primarily controlled by the diffusion
process of Si. As the interdiffusion of Si and Ta continues,
excessive Si gradually reacts with Ta, and Ta/Si, is
transformed into TaSi, according to Eq. (7 — 9), which
accumulates continuously to form the main layer of the
coating. When the Si content in a certain region becomes
insufficient, an intermediate layer of Ta,Si, forms above the
main layer. This reaction process and mechanism are closely
related to the coating structure and composition changes.
Fig.12 depicts the formation mechanism of microstructures
of different regions of coating on Tal2W alloy surface during
vacuum reactive sintering process. A notable phenomenon is
observed: no middle layer is formed at the bottom regions. In
conjunction with the aforementioned reaction mechanism, this
is because during the vacuum sintering process, a significant
amount of molten Si flows towards the bottom of the sample
under gravity, leading to an enrichment of Si at the bottom. In

Ranimmamnmm

Lower part

I Hf-rich  \HfSI,

I TaSi, Ta,Si,

Fig.12 Schematic diagrams of formation mechanism of microstructures of different regions of coating on Tal2W alloy surface during vacuum

reactive sintering process
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this Si-rich region, Ta,Si, is completely transformed into
TaSi,, eliminating the possibility of the formation of middle
layer.

In the upper part of the sample, the reactions primarily
involve Eq. (1 —6), resulting in the formation of Hf-based
ceramics and a minor amount of HfSi,. In the middle part of
the sample, although Eq.(1-6) are also involved, the relatively
higher Si content leads to a significant increase in the amount
of HfSi: in the products. At the bottom region of the sample,
the Si content is much higher than that in the upper and
middle parts, so an environment with excessive Si is formed.
Thus, the coating surface primarily undergoes the reaction of
Eq. (4), resulting in a large amount of HfSi, ceramic.
Simultaneously, due to the short duration of the sintering
reaction, Si cannot fully diffuse into the substrate for
participation in the reaction, leading to unreacted Si on the
surface and ultimately causing the non-uniform surface
morphology. The differences in reactions and surface
morphology at different parts are closely related to the coating
composition design, preparation process, as well as reaction
thermodynamics and kinetics. This result provides important
research solutions for optimizing the performance of Hf-Ta-Si
composite coatings.

4.2 Reaction mechanism of HfC ceramic in coating

During the coating preparation process, metallic Hf forms
the HfTaSi phase through a solid solution reaction. The acid-
alcohol resin contained in the organic solvent undergoes
pyrolysis in an inert atmosphere to obtain glassy C“**,
inducing the bulk precipitation of HfC. This resultant product
is expected to enhance the oxidation resistance and high-
temperature stability of coating. Since the diffusion coefficient
of molten Si is much greater than that of solid metallic Hf, the
remaining Hf experiences restricted diffusion due to its larger
atomic size. This phenomenon leads to the enrichment of HfSi/
HfSi, phases in the surface layer during subsequent
reactions™ and the formation of an elemental gradient
distribution at grain boundaries of Ta,Si,"*’. Notably, although
the intrinsic diffusion rates of Ta and W are low, their
migration ability is significantly enhanced by the solid-liquid
diffusion mechanism in the molten Si, which results in the
ubiquitous segregation of Ta in Hf-based silicides™”. Area 2 of
30HS and 40HS samples shares a high degree of similarity.
Although the surface layer of the coatings exhibits dense
structure, a considerable number of micropores are observed
beneath the surface. The primary phases present in these
regions are Ta,Si,, HfC, and HfTaSi, and Ta,Si, accounts for
the largest volume fraction. These pores are primarily
attributed to the volume contraction during the formation of
Ta,Si,. Furthermore, HfC ultra-high-temperature ceramic
particles with different sizes are dispersed around Ta,Si,
impeding the agglomeration and growth of Ta,Si, during the
vacuum sintering process. This is the underlying cause of the
increased porosity at area 2 in both coatings. The
microstructure contains unsintered accumulated Si and
localized pores, which restricts its potential for engineering
applications. The 40HS coating is optimized by reducing the

Si content, which effectively mitigates the gradient differences
in element distribution, significantly enhancing surface
uniformity. This optimization decreases the porosity and
increases the sintering density of the coating, significantly
improving its surface uniformity and structural stability.
Besides, the layered gradient structure effectively prevents the
coating from cracking caused by CTE mismatch. The phase
composition of each layer of the coating remains stable with
reduced porosity and increased sintering  density,
demonstrating superior metallurgical bonding performance
and structural stability.

It is noteworthy that experiment results verify the presence
of unreacted metallic Hf in both coatings, indicating the
relatively low kinetic rate of the Hf-Si reaction, which leads to
complete conversion being challenging under current process
conditions. Future research should introduce metal elements
with higher reactivity with Si, such as Zr or Mo, to accelerate
the formation of high-silicon phases, thereby forming a
continuous and dense ceramic protective layer on the surface,
and further enhancing the oxidation resistance and service life
of the coating. Additionally, based on the potential synergistic
protective mechanism of HfO,/HfTa,0,-SiO, composite
oxide films in the oxidized coating, further studies should
combine thermodynamic simulations with dynamic oxidation
experiments to deeply investigate the failure behavior and
multiphase synergistic strengthening pathways of the coating
under extreme environments, providing theoretical support for
the composition design and performance tuning of high-

temperature protective coatings.
5 Conclusions

1) To enhance the high-temperature oxidation resistance of
Tal2W alloy, Hf-Ta-Si composite silicide coatings were
prepared on the alloy surface using the slurry reactive
sintering process. The as-prepared coating exhibits a multi-
layer gradient structure: the upper layer primarily consists of
refractory metal silicide HfSi and ultra-high-temperature
ceramic particles HfC; the middle layer is dominated by Ta,Si,
solid solution with dissolved high-melting-point elements,
such as Hf and W; the main layer is composed of the high-
silicide phase TaSi,; Ta,Si, interface diffusion layer is at the
bottom. The layered gradient structure effectively prevents the
coating cracking caused by CTE mismatch.

2) The Hf:Si mass ratio can influence the surface uniformity
of the coating from top to bottom. The 30HSi sample exhibits
inferior surface uniformity due to its high Si content, resulting
in the accumulation of unmelted Si at the bottom of the
sample. The optimized 40HS sample has stable phase compo-
sition, which effectively mitigates the gradient differences in
elemental distribution due to the reduced Si content. This
optimization decreases the porosity and increases the sintering
density of the coating, significantly improving its surface
uniformity and structural stability.

3) During the preparation of Hf-Ta-Si composite coating,
the acid-alcohol resin in the organic solvent undergoes high-
temperature pyrolysis and in-situ reacts with Hf to form ultra-
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high-temperature ceramic HfC, which is expected to enhance
the oxidation resistance and high-temperature stability of
coating.

4) The presence of unreacted metallic Hf in the coating
indicates that the reaction kinetics of Hf-Si is relatively slow,
leading to difficult complete conversion under current process
conditions. Future research should introduce more reactive
metals (such as Zr or Mo) to accelerate the formation of high-
silicide phases, thereby forming a continuous and dense
ceramic protective layer on the surface.
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