Materials Today ® Volume xxx, Number xx ® xxxx 2024 RESEARCH (LIGHT BLUE)

Ablation-resistant yttrium-modified high-
entropy refractory metal silicide
(NbMoTaW)Si, coating for oxidizing
environments up to 2100 °C

Juan Kuang?, Qiangian Wang *°, Zhe Jia®*, Guoming Yi?, Bo Sun?, Yiyuan Yang?,
e,

Ligang Sun <, Ping Zhang ¢, Pengfei He?, Yue Xing?, Xiubing Liang **, Yang Lu ®*,
Baolong Shen “*

#School of Materials Science and Engineering, Jiangsu Key Laboratory for Advanced Metallic Materials, Southeast University, Nanjing 211189, China
PSchool of Materials Science and Engineering, Jiangsu Key Laboratory of Advanced Structural Materials and Application Technology, Nanjing Institute of
Technology, Nanjing 211167, China

“School of Science, Harbin Institute of Technology, Shenzhen 518055, China

4School of Material Science and Physics, China University of Mining and Technology, Xuzhou 221116, China

¢ Department of Mechanical Engineering, The University of Hong Kong, Pokfulam Road, the Hong Kong Special Administrative Region of China

Refractory high-entropy alloys (RHEAs) are pivotal in ultra-high temperature applications, such as
rocket nozzles, aerospace engines, and leading edges of hypersonic vehicles due to their exceptional
mechanical ability to withstand severe thermal environments (in excess of 2000 °C). However, the
selection of materials that satisfy the stringent criteria required for effective ablation resistance remains
notably restricted. Here, a novel yttrium-modified high-entropy refractory metal silicide (Y-HERMS)
coated on a refractory high-entropy NbMoTaW alloy is developed via pack cementation process. The
developed Y-HERMS coating with sluggish diffusion effect demonstrates extraordinary ablation
resistance, maintaining near-zero damage at sustained temperatures up to 2100 °C for a duration of
180 s, surpassing state-of-the-art high-performance silicide coatings. Such exceptional ultra-high
ablation performance is primarily ascribed to the in-situ development of a high viscosity Si-Y-O oxide
layer with increased thermal stability and the presence of high-melting Y(NbosTags)O4 oxides as
skeleton structure. Theoretical results elucidate that the Y-HERMS promotes the formation of SiO,,
which impedes the diffusion of O into metal silicide layer, synergistically contributing to the superior
ablation resistance. These findings highlight the potential of utilizing high-entropy materials with
excellent ablation resistance in extreme thermal environments.

Keywords: Refractory high-entropy alloy; High-entropy refractory metal silicide; Yttrium modification; Ultra-high
temperature; Ablation resistance

Introduction

Future hypersonic aerospace vehicles promise revolutionary
increases in transit speeds, presenting unprecedented engineer-
ing challenges. One of the most critical of these is the develop-
ment of effective protective strategies for essential components,
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such as leading edges, combustors, and nose tips against severe
oxidation and the extreme thermal scouring associated with heat
fluxes exceeding 2,000 °C during flight [1,2]. Refractory high-
entropy alloys (RHEAs), characterized by their constitution of
multiple principal refractory metals and significant mixing
entropy, are emerging as excellent candidates for such ultra-
high temperature applications [3]. Within this class,
NbMoTaW-based RHEAs have been recognized for their excep-
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tional high-temperature attributes, including yield strength,
thermal stability, and resistance to softening [4]. Nevertheless,
the suboptimal oxidation and ablation resistance at elevated
temperatures compromises the mechanical integrity of NbMo-
TaW RHEAs, thus presenting a formidable barrier to their broader
industrial deployment [5].

An alternative approach to protect RHEAs from oxidation and
ablation is the application of oxidation and ablation resistant
coatings on the surface of RHEAs [6,7]. Silicide coatings have
shown exceptional oxidation performance at temperatures above
1200 °C, primarily due to the formation of a dense SiO, layer on
the surface [8-10]. Encouraged by these findings, the scientific
community has proceeded to explore the potential of enhanced
silicide coatings through the strategic incorporation of additional
elements, such as Ge [11], Ce [12], Y [13], Al [14], and B [15].
Among these modifying elements, Y as a rare earth element with
unique electronic structure and reactive element effects, can sig-
nificantly enhance the oxidation resistance of coatings by
inhibiting the outward diffusion of metal ions, thus improving
scale adhesion, and reducing oxidation rates [16]. Wang et al.
reported that an appropriate amount of Y,O3 helped to
strengthen the Si-O bonds in SiO, glass scale during oxidation,
and then modified the oxidation resistance of the coating [17].
While prior research on Y-modified silicide coatings has predom-
inantly concentrated on evaluating their oxidation behavior
within the temperature bracket of 1300 to 1500 °C, scrutiny into
their ablation resistance, particularly at exceedingly high temper-
atures, remains sparse. Observations indicate that the rapid
volatilization of silicon-based oxides, such as SiO and SiO,, can
undermine the stability and integrity of the protective layer
under extreme conditions that surpass 2100 °C for prolonged
durations [18]. Consequently, fortifying the stability of the oxide
layer is pivotal for the enhancement of the ablation resistance of
silicide coatings. Given that the current generation of metal sili-
cides may not meet the escalating demands of advanced applica-
tions, there is a pressing imperative to innovate and develop
materials with improved capabilities.

In recent years, a shift in focus has been seen from conven-
tional transition metal silicides (e.g., NbSi,, MoSi,, WSi,, TaSi,,
HfSi,, and CrSiz) to a new class of materials known as high-
entropy refractory metal silicides (HERMS). HERMS, character-
ized by their composition of at least four different metal cations,
have captured the attention of the research community owing to
their impressive array of properties. These materials boast an
exceptionally high-melting point and hardness, coupled with
excellent thermal stability, which are desirable traits for applica-
tions requiring thermal management [19-24]. For instance, Liu
et al. investigated the oxidation behavior of (Mog ;W >Cro 2Tag »-
Nbyg,)Siz at 500 °C for 300 h. The developed HERMS exhibits
superior oxidation resistance compared to the pure MoSi, mate-
rials, which was ascribed to features of high entropy, sluggish dif-
fusion and cocktail effects, suppressing generation of bulk
metallic oxides and promoting the formation of an intact SiO,
film during oxidation [25]. Ye et al. reported that (Moo ;Nbyg »-
Tap.2Vo.2Woy.2)Si, ceramics are stable at 800 and 1600 °C and exhi-
bit better oxidation resistance than MoSi, without pest behavior
between 500 and 1000 °C, owing to the sluggish diffusion and

the selective oxidation of Si atoms [26]. Recognizing the excep-
tional antioxidant capabilities and high-temperature structural
integrity of HERMS, the scientific community is increasingly
acknowledging their immense potential in developing coatings
that can resist high-temperature oxidation and ablation for
refractory alloys [27,28]. Unlike the static conditions of isother-
mal oxidation, an ablation flame offers a more accurate represen-
tation of the severe operational environments encountered by
hypersonic aircraft [29]. This dynamic setting introduces aggres-
sive thermal shocks and material erosion due to high-velocity
particles, which coatings must withstand to protect underlying
structures. Therefore, advancing the ablation resistance of
HERMS coatings is of critical importance. Despite this, research
directed towards optimizing the ablation resistance of HERMS
has been relatively scarce thus far. It is essential to explore the
mechanisms of ablation resistance in HERMS and to develop
coatings that can effectively safeguard materials against the
extreme conditions experienced during high-speed flight.

In this study, a novel approach is introduced to enhance the
ablation resistance of RHEAs by employing a solid-phase diffu-
sion method combined with the halide activated pack cementa-
tion (HAPC) technique. This method is utilized to fabricate a Y-
modified HERMS coating on a high-entropy NbMoTaW alloy.
The developed HERMS coatings are subjected to rigorous testing
using an ultra-high air plasma flame to simulate the extreme con-
ditions encountered by materials on hypersonic aircraft. The Y-
modified HERMS coating exhibits extraordinary ablation resis-
tance at sustained temperatures reaching 2100 °C for 180 s,
showcasing its potential as a protective layer for high-
temperature applications. Post-ablation analysis of the HERMS
coating reveals that the formation of Y(TapsNbg s)O4 as micro-
structured skeleton within the oxide layer plays a pivotal role
in enhancing the thermal stability and ablation performance of
the Si-Y-O oxide layer. Density functional theory (DFT) calcula-
tions indicate that the presence of Y facilitates the diffusion of
Si and is theoretically shown to strengthen the Si-O bonds,
which in turn increases the viscosity of the SiO, glass. As a result
of these modifications, the diffusion of O is impeded, thus fur-
ther improving the oxidative and ablative resistance of the coat-
ing. This research presents a significant advancement in
protective coating technology for RHEAs, providing a new path-
way for the development of materials capable of withstanding
the harsh thermal and oxidative environments experienced dur-
ing high-speed flight.

Materials and methods

Materials

The primary alloy ingot of NbysMozsTasW,s (at.%) was pre-
pared by magnetic levitation melting method with high purity
elemental raw materials (>99.95 wt. %), and a 5 kg column-
shaped ingot was cast. Specimens with dimensions of
6 mm x 6 mm x 3 mm and 32 mm x 16 mm x 5 mm were
extracted from the ingot by wire-cutting for follow-up experi-
ments. After being ground up to 1500-grit for each side with sil-
icon carbide paper, the specimens were cleaned in an ultrasonic
ethanol bath and then dried.
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Coating preparation

A halide activated pack cementation process was employed to
prepare the unmodified and Y-modified silicide coating on the
substrate alloy. The co-deposition filling cementation was
achieved by using Si and Y,O3 as donor sources, Al,O; powders
as inert filler, and NaF as the halide activator. Pack powder mix-
tures with a nominal composition of 30Si—xY,O3—5NaF-(65-x)
AlL,O; (Wt.%, x =0, 2, 4, 6, 8) were weighted and mixed in a ball
mill for 4 h. The pack powders were then placed around the sub-
strates in a cylindrical alumina crucible and sealed with an alu-
mina lid using silica sol binder. The loaded crucible was placed
in an alumina tube furnace and the temperature was gradually
increased to 1000 °C at a rate of 10 °C/min. The samples were
held at this temperature for 12 h under Ar flow. The furnace
was then cooled to room temperature at a rate of 5 °C/min. It
has been reported previously that increasing the preparation
temperature can accelerate the diffusion rate of silicon in the
high-entropy alloy, resulting in defects such as cracks [27]. In this
study, the temperature was reduced to obtain a denser and
defect-free coating. After HAPC fabrication, the coated samples
were ultrasonically rinsed to remove any residual powder mix-
tures on the surface.
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We initially studied the coatings prepared with different Y,O3
contents, where the cross-sectional scanning electron micro-
scope (SEM) images of these samples are shown in Fig. S1. Nota-
bly, the Y-modified HERMS with the Y,O3 content of 4 wt. %
(denoted as Y4-HERMS) achieved a maximum thickness of
approximately 58 um, which is crucial for enhancing coating
ablation resistance. To investigate the effect of Y modification
on ablation resistance, subsequent studies would be focused on
comparing the Y-free HERMS (denoted as YO-HERMS) and Y4-
HERMS samples.

The oxidation behavior of the samples was investigated over a
broader temperature range (Fig. S2) using thermogravimetric
analysis (TGA), while the oxidation kinetics at 1450 °C were
studied through static oxidation experiments conducted in a
high-temperature furnace (Fig. S3). The corresponding results
and discussions are presented in Text S1.

The ablation behavior of samples was evaluated by air plasma
flame system. The experimental setup is depicted in Fig. 1, where
specimens measuring 32 mm x 16 mm x 5 mm were positioned
vertically to the torch at a distance of 50 mm. The Ar and H, flow
rates were set to be 85 and 16 slpm, respectively. To dynamically
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Ablation performance of high-entropy refractory metal silicide (HERMS) coatings. (a) Schematic diagram of ablation test in the air plasma flame; (b)
Macro morphology before ablation; (c) Macro morphology after ablation; Macro morphology of the samples after ablation for 180 s: (d) YO-HERMS and (e) Y4-
HERMS; (f) Surface ablation temperature changed curves of the YO-HERMS and Y4-HERMS samples and insets are the corresponding 3D morphology and
roughness values; (g)Mass ablation rates (MAR) of this work (YO-HERMS and Y4-HERMS) comparing with a range of candidate silicide coatings[48-63].
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record the surface temperature of the sample's center zone during
ablation, an infrared radiation thermometer was utilized, which
was stabilized at specified temperature by adjusting the plasma
power supply voltage and current. The linear ablation rate
(LAR) and mass ablation rate (MAR) were calculated using the fol-
lowing equations: LAR=(lyp-1;)/t and MAR=(mgy-mj)/(t-S), respec-
tively, where my, lp and m;, [; represent the mass and thickness
of specimen before and after ablation respectively, and ¢ is the
ablation time.

Characterization methods

The phase composition of the coatings was analyzed by X-ray
diffraction (XRD, D8-Discover) using Cu Ka radiation (A = 1.54
A). The morphology of the coatings was analyzed using SEM
(FEI Nova Nano 450), equipped with an energy dispersive spec-
trometer (EDS) for elemental analysis. The content and distribu-
tion of elements were detected using an electron probe
microanalysis system (EPMA, JEOL, JXA-8230). High-resolution
transmission electron microscope (HRTEM) images and selected
area electron diffraction (SAED) patterns were obtained using
an FEI Talos F200X microscope. TEM samples were prepared by
focused ion beam (FIB, FEI Quanta 3D) using the in-situ lift-out
technique. The 3D surface profile and roughness of the ablated
surface were determined using an optical profilometer (Mahr
MarSurf LD130). The binding energies of the elements on the
surface were investigated using X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher Nexsa) with an Al Ko
(1,486.6 eV) X-ray source. For charge compensation, C 1 s
(284.80 eV) was used for calibration.

DFT methods

Spin-polarized density functional theory (DFT) method is uti-
lized to reveal the atomistic mechanisms about the experimental
findings in our work by using the Cambridge Sequential Total
Energy Package (CASTEP) module in Materials Studio software
[30]. Ultrasoft pseudo-potential method is employed to describe
the interactions between valence electrons and ionic cores [31].
The generalized gradient approximation method with the
Perdew-Burke-Ernzerh function (GGA-PBE) is performed to cal-
culate the exchange and corrections of atomic interaction [32].
A plane-wave basis is set with a cutoff energy of 400 eV and
the Brillouin zone is sampled by a Monkhorst-Pack grid [33].
The tolerances of energy, force and displacement for structure
optimization are 107 eV/atom, 0.03 eV/A and 0.002 A respec-
tively and the self-consistence field (SCF) is set as 5 x 107° eV/
atom.

In order to elucidate the effect of yttrium addition on the for-
mation of metal silicide and its anti-oxidative capacity, two sets
of models are built. The first set of models is: (1) body-centered
cubic NbMoTaW equiatomic RHEA (named as “RHEA” model),
(2) RHEA model with surface addition of Y element (named as
“RHEA-Ysurf” model), and (3) RHEA model with subsurface addi-
tion of Y element (named as “RHEA-Ysub” model). The second
set of models is: (1) (NbMoTaW)Si, with a C40 hexagonal crystal
structure (named as “XSi,” model), (2) XSi, model with surface
addition of Y element (named as “XSi,-Ysurf” model), and (3)
XSi, model with subsurface addition of Y element (named as
“XSip-Ysub” model). Structure optimization were performed for

these two sets of models to optimize the crystal structure, with
k points set as (3 x 3 x 2). Then the (001) and (0001) surfaces
are cleaved from the optimized periodic structures with a vac-
uum layer of ~15 A for RHEA and XSi, models, respectively.
These surface models are geometrically optimized again and uti-
lized to study the effect of Y addition on the formation of metal
silicide and its anti-oxidative capacity with k points set as
(3 x 3 x 1). Specifically, the first set of optimized RHEA surface
models are utilized to unveil the effect of Y addition on the for-
mation of metal silicide via the study of their adsorption and dif-
fusion capacity of Si element. The second set of optimized XSi,
surface models are employed to investigate the effect of Y ele-
ment in metal silicide on its anti-oxidative capacity via the study
of their adsorption and diffusion capacity of O element. Note
that vacancy and interstitial diffusion characteristics are assigned
to Si diffusion in RHEA models and O diffusion in XSi, models,
respectively [34,35].

To investigate the adsorption capacity of Si element on differ-

Si
ads

ent RHEA surfaces, the adsorption energy (E
the following equation [36]:

) is determined by

Si
E; = Erppatsi — Eruea — Esi

where Erppa.si and Erppa are the total energies of the RHEA surface
models with and without Si adsorption, respectively. E; is the
energy of a single Si atom.

Similarly, the adsorption capacity of O element on different
XSi, surfaces can be evaluated with its adsorption energy (E,)
by using the following equation:

0
E,4 = Exsi,+0 — Exsi, — Eo

where Exgi,0 and Exs;, are the total energies of the XSi, surface
models with and without O adsorption, respectively. Ey is the
energy of a single O atom, which is equal to the half of the energy
of an O, molecule.

The siliconization and oxidation of material surface often
occurs from the surface to subsurface, and the diffusion barriers
of Si and O atoms are related to the degree of siliconization
and oxidation. To investigate the diffusion behaviors of Si and
O elements on the surfaces of RHEA and XSi, models respec-
tively, a series of intermediate configurations along diffusion
paths are produced by interpolating between the structural opti-
mized initial and final configurations, which is geometrically
determined using linear synchronous transit (LST) method [37].
The migration energy barriers of Si and O diffusion are deter-
mined from the energy difference between transition states (TS)
and initial states (IS).

Results and discussion

Ablation performance

The ablation experiment with the air plasma flame was con-
ducted as illustrated by the schematic diagram in Fig. la.
Fig. 1b and ¢ show photographs of the HERMS sample before
and during ablation, respectively. The Y4-HERMS sample, after
ablation at 2200 °C for 20 s, effectively retained its original
shape, displaying a continuous Y(Tag sNbg s)O4-dispersed SiO,
structure (Fig. S4 and Fig. S5). In contrast, the YO-HERMS sub-
jected to the same ablation conditions experienced complete
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coating destruction, precluding further characterization efforts
(Fig. S4 and Fig. S6). To further elucidate the ablation protection
mechanism of these coatings, subsequent studies were con-
ducted on samples subjected to an ablation temperature of
2100 °C and an ablation duration of 180 s. The YO-HERMS sur-
face displays a distinct pattern of ablation spots with a radial dis-
tribution, indicating partial melting of the oxide layer (Fig. 1d).
In contrast, the Y4-HERMS surface retains shiny appearance with
a dense smooth oxide layer (Fig. 1e). 3D surface profiles of the
ablation center (Fig. 1f insets) reveal that the roughness of the
YO-HERMS surface (10.073 pm) is 1.3 times higher than that of
the Y4-HERMS surface (7.735 um). This difference is presumably
a result of localized melting events within the YO-HERMS coat-
ing, inferred from the formation of oxides observed post-
ablation, culminating in an escalated roughness parameter. In
contrast, the Y4-HERMS coating demonstrates a remarkable forti-
tude against ablation-induced degradation, maintaining a sur-
face characterized by minimal damage and a retention of its
inherent smooth and shiny appearance. Fig. 1f shows the surface
temperature variation curves of the YO-HERMS and the Y4-
HERMS samples during the ablation process, where a surface
temperature of 2100 °C is reached over a period of 180 s. Thermal
analysis reveals divergent trends in surface temperature between
the two coatings; the Y4-HERMS coating achieves a higher degree
of thermal stability, in stark contrast to the YO-HERMS coating,
which exhibits more pronounced and frequent thermal fluctua-
tions. Surface temperature is a critical determinant of ablation
performance. By combining the surface temperature curves
(Fig. 1f) with the ablation morphologies (Fig. 1d and e), it can
be inferred that temperature changes, in conjunction with the
combined effects of radiation coefficient and relevant chemical
reactions, would lead to substantial differences in ablation
behavior [38]. Furthermore, the progression of ablation processes
exerts a concomitant effect on the thermal profile, indicative of a
complex feedback mechanism between thermal behavior and
material response. Fig. 1g and Table S1 present a comparison of
the ablation resistance between the HERMS coatings and other
silicide coatings found in the literature. It is noted that the
HERMS coatings endure relatively higher ablation temperatures
(2100 °C) and longer protection times (180 s) compared to other
silicide coatings (Table S1). Moreover, the MAR for YO-HERMS is
—0.074 gm 25!, while its LAR is —0.106 pm-s~!. In compar-
ison, Y4-HERMS exhibits the MAR of —0.036 g¢m 25! and a
LAR of —0.067 um-s~'. The HERMS coatings exhibit exceptional
resistance to high-temperature ablation, as evidenced by their
near-zero and negative values for MAR and LAR. The negative
ablation rate suggests that controlled oxidation occurs during
high-temperature ablation, indicating the formation of a protec-
tive oxide layer over the HERMS coatings. This oxide layer effec-
tively shields the underlying samples from further ablation. The
near-zero linear ablation rate indicates minimal dimensional
changes in the coating under ablative conditions, thus ensuring
its structural integrity and preventing significant material loss.
This superior performance of the Y4-HERMS coating presumes
to be attributed to several factors, including enhanced thermal
stability, improved adhesion to the substrate, and heightened
resistance to oxidation and ablation (see Protective mechanism
section for details).

Microstructure and constituents
The microstructural characteristics and phase composition of the
YO-HERMS and Y4-HERMS samples were elucidated using SEM
and XRD analyses. As depicted in Fig. 2a and Fig. S7a, the Y4-
HERMS coating is characterized by a homogeneous granular
microstructure, with granules averaging 100-200 nm in size. In
contrast, the YO-HERMS coating displays a more heterogeneous
grain size distribution, interspersed with smaller, newly formed
grains. Cross-sectional morphological analysis, as presented in
Fig. 2b and Fig. S7b, was conducted to ascertain the thickness
of the coatings. The Y4-HERMS coating exhibited a measured
thickness of ~58 pum, which is nearly twice that of the YO-
HERMS counterpart. These results imply that the incorporation
of Y notably augments the growth rate of the silicide coating.
Fig. 2¢ presents the phase composition of both YO-HERMS and
Y4-HERMS coatings. The diffraction peaks observed for both
coatings reside between the characteristic peaks of NbSi,, MoSi,,
TaSi,, and WSi,, which all crystallize in the P6,22(180) space
group, with a near-perfect alignment to the peaks of NbSi,. These
observations suggest that the coatings are comprised of a (NbMo-
TaW)Si, solid solution phase, adopting the hexagonal C40-type
MSi, crystal structure [39]. TEM was utilized to explore the struc-
tural characteristics of the Y4-HERMS coating at the substrate
interface. As depicted in Fig. 2d, in addition to the primary
phase, a distinct secondary phase is observed at the coating-
substrate boundary. Fig. S8 shows the elemental distribution
across specific local regions of the coating. The Si content within
the main phase is similar to that found in the YO-HERMS coating,
with a consistent concentration of ~66 at.% (Fig. S8b). This
equates to a silicon-to-metal (Nb, Mo, Ta, and W) atomic percent
ratio of 2:1. Concurrently, the secondary phase exhibits a
reduced Si content of ~37 at.%, aligning with the characteristics
of a low-silicide phase (Fig. S8b). Notably, Y is uniformly dis-
persed across both phases, with an atomic concentration ranging
from 0.5 to 1 percent (Fig. S8c¢). Fig. 2e and f display the SAED
and HRTEM analyses of the two distinct phases, respectively.
The phase indicated by the orange box in Fig. 2d is identified
as the primary disilicide phase, exhibiting a hexagonal C40-
type MSi, crystal structure. Conversely, the phase demarcated
by the blue box is characterized as a low-silicide phase with a
tetragonal M;Siz crystal structure. The formation of the low-
silicide phase can likely be ascribed to the enhanced diffusion
of Si, induced by the addition of Y during the coating formation.
To elucidate the influence of Y on the formation of silicide
coatings, DFT calculations were conducted. Utilizing the elemen-
tal composition and crystallographic data derived from our
experimental findings, atomistic models of the surface were con-
structed to assess the impact of Y incorporation on the silicida-
tion process. Fig. S9 shows the geometrically optimized models
of the RHEA configurations. These models facilitate an investiga-
tion into the role of Y by comparing Si adsorption and diffusion
across three distinct scenarios: 1) without Y addition (Fig. S9a
and d), 2) with surface addition of Y (Fig. S9b and e), and 3) with
subsurface addition of Y (Fig. S9c and f). As shown in Fig. S10, it
is demonstrated that Si atom prefers to stabilize at the hollow
sites surrounded by metal atoms. The introduction of Y element
at the surface (RHEA-Ysurf model) or at the subsurface (RHEA-
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Microstructure and constituents of the HERMS coatings. (a) Surface SEM image of Y4-HERMS coating and inset is size distribution of grains; (b) Cross-
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configurations of Si diffusing from surface to subsurface of the RHEA models. The IS, TS, FS are initial state, transition state and final state, respectively.

Ysub model) only slightly reduces the Si adsorption energies
(Fig. S11), which indicates that the accelerated formation of
metal silicide does not originate from Si adsorption affected by
Y addition. However, the energy barrier of Si diffusing into RHEA
subsurface is 1.41 eV for the model without Y addition, while the
energy barriers for RHEA-Ysurf and RHEA-Ysub models are 0.79
and 0.31 eV, respectively (Fig. 2g). The significant reduction in
energy barriers for Si diffusion, facilitated by the surface or sub-
surface addition of Y, indicates that Y addition can significantly
promote Si diffusion along the vacancy sites in the high-entropy
NbMoTaW alloy. Particularly, subsurface addition of Y element
proves to be particularly advantageous in promoting the forma-
tion of (NbMoTaW)Si,. This observation is significant given that
a sufficient thickness of the coating is critical to ensure robust
ablative resistance over extended periods.

Protective mechanism
Fig. 3 presents the microstructure and composition of the Y4-
HERMS coating following ablation. Post-ablation, the surface of

the Y4-HERMS coating demonstrates a relatively dense structure
interspersed with a significant number of Y-rich particles, as
shown in Fig. 3a. To elucidate the ablation mechanism operative
in the HERMS coatings, it is imperative to conduct a comprehen-
sive analysis of the structural characteristics within the oxide
layer. To facilitate this analysis, thin cross-sectional samples were
lifted from the surface of the ablated coatings utilizing FIB tech-
nique. These samples were subsequently examined using TEM
coupled with EDS, to provide detailed insights into the
microstructural and compositional changes induced by ablation.
As shown in Fig. 3b, the oxide layer of the Y4-HERMS exhibits a
thickness of ~2 pm and consists of a single-layer structure.
Within the oxide layer, Y-containing particles (red square in
Fig. 3b) with nanoscale and microscale skeleton structure rang-
ing in size from 100 nm to 2 pm are dispersed throughout an
amorphous SiO, matrix (yellow square in Fig. 3b), which are evi-
denced by SAED patterns and HRTEM images (Fig. 3c—f). The
amorphous nature of the SiO, can be attributed to its rapid cool-
ing from the peak temperature of 2100 °C at the center of the
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FIG. 3

Microstructure and constituent of the HERMS coatings after ablation. (a)Surface SEM image of Y4-HERMS coating sample after ablation; (b) Cross-section
STEM image and EDS mapping images of Y4-HERMS coating after ablation; (c)SAED of yellow box in (b); (d) HRTEM image of yellow box in (b); (e)SAED of red

box in (b); (f) HRTEM image of red box in (b).

sample surface to room temperature within a few minutes, which
inhibits its crystallization process [29]. EDS analysis reveals that
these particles predominantly contain Y, Ta, Nb and O
(Fig. S12). Furthermore, the SAED pattern and HRTEM analysis
(Fig. 3e and f) suggest that these particles exhibit a monoclinic
crystal structure, corresponding to Y(Tag sNbg 5)O4. During abla-
tion, the MoO3; and WO3; are characterized by high Gibbs free
energy and exhibit substantial volatility, leading to their prefer-
ential evaporation. Consequently, the residual oxide layer is pre-
dominantly enriched with Y, Ta, Nb, Si, and O. As the system
cools, a reaction between Y,0O3 and Ta,O5 leads to the formation
of YTaO, within the oxide layer. In parallel, YNbOy, is also gener-
ated. These oxides have the capacity to form a solid-solution
phase, denoted as Y(TapsNbg s)O4, which subsequently precipi-
tates from the SiO, matrix. The precipitation of Y(Tap sNbg 5)O4
gives rise to a composite oxide layer structure featuring both
nanoscale and microscale skeleton morphology. Moreover, the
(Nb,Mo,Ta,W)sSi; phase appears at the interface in the silicide
layer (Fig. S13). This low silicon phase is likely the result of chem-
ical reactions and diffusion processes occurring at the interface.
During the ablation process, Si preferentially forms SiO,, leading
to continuous consumption of Si in the silicide layer and result-
ing in the formation of (Nb,Mo,Ta,W)sSis. To further confirm the
phase composition of the Y4-HERMS coating after ablation, XPS
analysis of the oxidation products in the central area was per-
formed. Particularly, Fig. S14a shows that Si 2p XPS spectra for
the Y4-HERMS coating before ablation. It appears two peaks at
binding energies of 102.40 eV and 99.85 eV, which were assigned
to the Si-M (M=Nb, Mo, Ta, W) bonds (102.40 eV) deriving from
the (NbMoTaW)Si, and zero-valent Si (Si°, 99.85 eV), respec-
tively, which is owing to the decomposition of Si during pack
cementation [40-43]. After ablation, a primary peak correspond-

ing to SiO, bonds can be found, which is attributed to the abla-
tion of Y4-HERMS coating. It is well known that Y 3d XPS region
is overlapping with that of Si 2 s. The XPS spectra of Si 2 s
(Fig. S14b) also demonstrates that unablated coating is composed
of Si-M bonds and Si matrix, while the oxidized coating is com-
posed of SiO,. Obviously, the Y 3d XPS spectrum of the ablated
coating exhibits peaks at 160.7 eV and 158.7 eV, corresponding
to Y 3d3/2 and Y 3d5/2, respectively, consistent with Y**oxida-
tion state [44,45]. Additionally, post-ablation surface analysis of
the Y4-HERMS coating reveals the presence of various metal oxi-
des (Nb,Os, M0Os3, Ta,0s5, WO3), along with a notable reduction
in the relative strength of M—Si bonds [46] (Fig. S14c-f). Com-
bining with the EDS results in Fig. S12, the TEM results in
Fig. 3 and the possible oxidation reactions involving stable
ablated species (Y,O3, Ta,Os, and Nb,Os), the formation of Y
(Tap.sNbg 5)O4 during ablation is confirmed.

As contrast, a representative center region on the surface of
the YO-HERMS coating after ablation is shown in Fig. S15. The
surface morphology exhibits numerous holes, which may be
attributed to partial evaporation of the low melting point oxide
during the ablation process at 2100 °C. Fig. S16 shows that the
oxide layer of the YO-HERMS displays a thickness of ~1 pm
and consists of a dual-layer structure comprising a porous outer
layer and a dense inner layer. As shown in Fig. S17a and b, it
has been determined that both the outer and inner oxide layers
are composed of SiO,. The presence of the porous and loose
structure in the outer layer can be attributed to the release of
volatile species or the diffusion of gaseous by-products from
the oxide layer. The porosity facilitates the penetration behavior
to the material, thereby compromising the integrity of the oxide
layer and diminishing its protective capabilities. However, the
inner oxide layer exhibits a strong bond with the silicide layer
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and shows no signs of delamination. As depicted in Fig. S17c—f,
similar to the Y4-HERMS sample, the silicide layer exhibits two
phases, containing the primary (NbMoTaW)Si, (HEMSi, for
short) phase and secondary (Nb,Mo,Ta,W)sSi; (HEM;Si; for
short) phase. Furthermore, the extent of the coating degradation
post-ablation is a critical determinant of its ablative resistance.
Cross-sectional SEM of the HERMS coatings (Fig. 4a and b) and
EPMA of the Y4-HERMS sample (Fig. S18) reveal that the ablated
coating is composed of a tri-layered architecture. This structure
encompasses a surface oxidation layer, an intermediate silicide
layer, and a diffusion layer beneath. The integrity and interfacial
stability of these layers are imperative for the coating’s ability to
resist ablation. The presence of the low-silicon diffusion layer is
attributed to the difference in Si concentration between the sili-
cide layer and the substrate, leading to inevitable interdiffusion
between Si and the alloy elements (Nb, Mo, Ta, W) at high tem-
perature during ablation process. The occurrence of the diffusion
layer reflects the degradation of the silicide coating, resulting in a
reduction of available Si for SiO, formation during ablation.
Comparative analysis of the two HERMS coatings reveals a
marked difference in the diffusion layer thicknesses: the YO-
HERMS coating exhibits a diffusion layer of ~14 pm, whereas
the Y4-HERMS coating demonstrates a considerably reduced
thickness of 4 pum. This significant reduction in the diffusion
layer thickness of the Y4-HERMS coating with sluggish diffusion
effect caused by the high-entropy single-phase structure implies
enhanced thermal stability and a lower propensity for interdiffu-
sion at elevated temperatures. Consequently, these attributes are
indicative of an improved ablation resistance performance for
the Y4-HERMS coating. Fig. S19 shows the TEM analysis of the
two-phase region at the interface between the silicide layer and
the diffusion layer, revealing consistent structures in both
HERMS coatings. It is observed that the grain size of the low-

(c)
Y4-HERMS ' Y4-HERMS

——

4.48% M,Si,
, 4 ym
: M

‘Substrate
(b) R
YRR YO-HERMS  YO-HERMS
e b '“’;"‘"""'-

"

10.83% MsSi;

L 4
‘Substrate

Before ablation

Homogeneous grain
N

Heterogeneous grain

silicon phase in the Y4-HERMS coating is smaller than that of
the YO-HERMS coating, indicating that the presence of Y not
only refines the silicide but also contributes to the refinement
of the low-silicon phase. Fig. 4c displays the schematic diagram
for the ablation behavior of the HERMS coatings. During the
high-temperature ablation process, the Y4-HERMS coating expe-
riences intense heat fluxes, leading to the formation of oxide
layer on the surface. The presence of Y, Ta, and Nb within the
oxide layer facilitates the formation of Y(TagsNbg 5)O4, which
offers superior thermal stability and resistance to thermal shock.
It was reported that the Y(Tag sNby 5)O4 particles act as sacrificial
agents, absorbing and dissipating the thermal energy by under-
going the tetragonal-monoclinic (t-m) phase transition during
ablation, which prevents excessive heat from propagating fur-
ther into the substrate or underlying coating layers[47]. More-
over, the mnanocrystalline and skeleton structures of Y
(Tap.sNbg 5)O4 within the SiO, matrix further prevent the evapo-
ration of the SiO, and the viscosity of the oxide layer. Thus, the
oxide layer possesses excellent structural stability and protects
the sample from further ablation damage. However, for YO-
HERMS coating, the presence of a large amount of gas during
the ablation process leads to numerous voids in the oxide film
which deteriorates its ablative resistance.

To further reveal the protective mechanisms, we also analyzed
the O adsorption and diffusion of three XSi, models: 1) without
Y addition, 2) with surface addition of Y, and 3) with subsurface
addition of Y. The effect of Y addition on the ablative ability of
the HERMS is also studied. The geometrically optimized XSi,
configurations are shown in Fig. S20 The O adsorption capacity
at a series of bridge sites of (NbMoTaW)Si, surfaces are investi-
gated, taking the effect of Y element into account (Fig. S21). It
can be observed that bridge sites exhibit strong O adsorption
capacity (Fig. S22). More importantly, our experimental findings

Preferential Flame

oxidation

Oxide layer

0O, Si-Y-0 Si0,  Y(TagsNbg5)O,

HEMSi,
EM,Si

{

HEMSi,
HEM,Si

During ablation After ablation

Cross-section microstructure evolution of the HERMS coatings during ablation. Cross-section SEM images of samples after ablation: (a) Y4-HERMS and
(b) YO-HERMS; (c) Schematic diagram of the cross-sectional microstructure evolution of the HERMS coatings during ablation at 2100 °C for 180 s.
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demonstrated that the Si element in (NbMoTaW)Si, can be oxi-
dized most easily which promotes the formation of an antioxi-
dant SiO, layer. Therefore, the interaction intensity between O
and Si element is further explored. The analysis of electron den-
sity difference demonstrated that the electron gain of O atom
from Si element is more significant than metal atoms (Fig. Sa),
in which the electron gain of O atom from Si atom in Ysurf-Si site
is most remarkable. The difference of Si-O bonding distance at
W-Si, W-Si with Y substitution (W-Si(Ysub)) and Ysurf-Si sites is
also consistent with the divergence of interaction density
between O and Si atoms. It can be found that Y element enhance
the Si-O bond strength, which will increase the viscosity of SiO5.
Partial density of states (PDOS) of W/Y, Si and absorbed O atoms
after O adsorption at W-Si, Ysurf-Si and W-Si (Ysub) sites is also
analyzed (Fig. 5b and Fig. S23). The interaction between O atom
with metal elements is weaker than that with Si element for all
these bridge sites. Besides, O atom strongly interacts with W
and Si at W-Si site while its interaction with Y is very weak
accompanied by enhanced interaction with Si at Ysurf-Si site.
Comparative analysis of the PDOS for W-Si and W-Si (Ysub) sites
indicates a discernible alteration in electronic interactions. The
incorporation of Y in the W-Si coordination environment
appears to attenuate the bonding between Si atoms and adsorbed
O, potentially inhibiting the formation of SiO,. From these
observations, it can be deduced that within the (NbMoTaW)Si,
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complex, Si is the most susceptible to oxidation. It is proposed
that Y atoms situated at the surface can facilitate the formation
of a SiO, layer. Conversely, Y atoms positioned in subsurface
locations lack this promotive effect on the SiO, layer formation.
On the other hand, the energy barrier of O diffusing into the sub-
surface of XSi, model is 5.04 eV, while the O diffusion energy
barriers in XSi,-Ysurf and XSi,-Ysub models are 6.27 and
6.30 eV, respectively (Fig. 5¢). The increased energy barriers for
O diffusion by surface or subsurface addition of Y element indi-
cate that Y addition can retard O diffusion into metal silicide
layer, which could also account for the improved anti-
oxidation capacity in addition to the formation of antioxidant
SiO; layer.

Conclusions

In summary, this study represents a significant breakthrough in
materials engineering for high-temperature applications. We
have successfully developed a novel yttrium-modified high-
entropy silicide coating on a NbMoTaW alloy. This advancement
was achieved through mechanisms of solid solution formation
and atomic diffusion facilitated by the HAPC process. The inclu-
sion of Y has been found to markedly facilitate Si diffusion, lead-
ing to increased coating thickness and a refined microstructure of
the grains. Notably, the Y4-HERMS coating owing to sluggish dif-
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DFT of O absorption and diffusion in HERMS coating. (a) DFT simulation results of 2D electron density difference and bonding distance between the
absorbed O atom and the W-Si, Ysurf-Si, Nb-Si and W-Si(Ysub) bridge sites after O adsorption onto the surface of XSi, models. Red and blue represent the
depletion and accumulation of electrons with the unit of e-A=3, respectively; (b) Partial density of states (PDOS) of W, Si and absorbed O atoms after O
adsorption at W-Si site and Ysurf-Si site. The shaded area highlights the region showing a significant electron interaction between absorbed O atom and W-Si
bridge site. The black dashed lines at the energy of zero indicate the Fermi level (Ef). (c) Energy diagrams and the IS, TS and FS configurations of O diffusing

from surface to subsurface of the XSi, models.
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fusion effect exhibits exceptional anti-ablation performance at
2100 °C for 180 s, displaying negligible signs of ablation damage.
Moreover, the in-situ formation of Y(NbgsTags)O4 as skeletal
architecture within intact Si-Y-O oxide layer also emerges as a
pivotal factor, enhancing the thermal stability and ablation resis-
tance of the SiO, scale. Theoretical insights from DFT calcula-
tions elucidate that the inclusion of Y within the HERMS
coating significantly influences the ablation resistance character-
istics. The role of Y addition is multifaceted: it promotes the for-
mation of SiO,, strengthens the Si-O bonds, increases the
viscosity of the SiO, layer, and impedes the diffusion of O into
the metal silicide layer, contributing collectively to the superior
ablation resistance of the coating. Furthermore, the findings fur-
nish valuable insights into the evolution of the oxide layer and
the underlying ablation resistance mechanisms characteristic of
the HERMS coating. Consequently, the deployment of high-
entropy refractory metal silicide coatings substantially broadens
the operational scope of RHEAs, offering a promising avenue
for their application in extreme environments where ablative
endurance is paramount.
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