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Multiphase design is a promising approach to achieve superior ablation resistance of multicomponent ultra-high
temperature ceramic, while understanding the ablation mechanism is the foundation. Here, through investigating
a three-phase multicomponent ceramic consisting of Hf-rich carbide, Nb-rich carbide, and Zr-rich silicide phases,
we report a newly discovered solid-state reaction process among multiphase multicomponent ceramic during
ablation. It was found that this solid-state reaction occurred in the matrix/oxide scale interface region. In this

process, metal cations are counter-diffused between the multicomponent phases, thereby resulting in their
composition evolution, which allows the multicomponent phases to exist stably under a higher oxygen partial
pressure, leading to the improvement of thermodynamic stability of three-phase multicomponent ceramic.
Additionally, this solid-state reaction process appears synergistic with the preferential oxidation behavior among
the oxide scale in enhancing the ablation performance.

1. Introduction

Transition-metal carbides, diborides, nitrides, etc., are well applicable
for thermal protection systems in aerospace and nuclear fields due to
their ultra-high melting points [1,2]. However, notable limitations con-
cerning oxidation resistance remain for these conventional binary
ultra-high temperature ceramics (UHTCs). Such as ZrC and HfC, their
vulnerable porous scales are less protective during oxidation, however, as
for ZrBy, rapid evaporation of boron oxides above 1200 °C often leads to
a premature failure of ceramic [3-6]. Therefore, several multiphase
UHTGCs systems such as ZrB»-SiC [7] and ZrC-SiC [8] are developed and
exhibited to improve oxidation or ablation resistance. Nonetheless,
further examination under more aggressive conditions reveals that their
performance is still insufficient to meet the increasing demand for the
thermal protection of future propulsion systems, hypersonic vehicles, etc
[2].

Inspired by high entropy alloys (HEAs), high entropy ceramics (HECs)
are developed in recent years, and have been further extended to medium-
entropy and non-equimolar compositions [9-11]. These novel
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multicomponent ceramics contain four or more different cations or anions
expressing a blend of highly enhanced properties in physics and chemistry
[12-14]. Notably, the remarkable enhancement in oxidation resistance of
multicomponent UHTCs, for instance, Hfy 2Zrg2TagoNbg2Tig2C [15],
Hfy 25Tag.25Zr0.2sNbo2sC ~ [16],  Hfy/3ZrysTi;3C [17],  and
Zr.8Tip.2Co.74Bo.26 [18], was validated by researchers. As indicated earlier,
the multiphase approach has been successfully applied to improve the
oxidation and ablation resistance of conventional binary UHTCs. This
motivates us to explore the novel multiphase multicomponent UHTCs.

To date, knowledge gaps remain with respect to the ablation mech-
anisms of multiphase multicomponent ceramics. Preliminary in-
vestigations have shown that thermodynamic factors play a vital role in
the oxidation behavior and performance of single-phase multicomponent
ceramics. For instance, driven by the differences in the relative thermo-
dynamic favorability of oxides of Hf, Zr, and Ti, Hf/Zr would be prefer-
entially oxidized in carbide containing Hf-Zr-Ti [19-21]. However,
extending the system to multiphase multicomponent ceramics may cause
a more complex reaction process during ablation. For instance, although
it is generally believed that the constituent phases among conventional
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multiphase UHTC would not react with each other under high temper-
atures [22,23], possible solid-state reaction might occur between the
multicomponent phases of the multiphase multicomponent UHTC sys-
tem. Unfortunately, these mechanisms are largely unexplored. These
remaining knowledge gaps may hinder the design and optimization of
multiphase multicomponent UHTCs.

In this work, a three-phase multicomponent ceramic,
Hf-Zr-Ti-Nb-C-Si, consisting of Hf-rich carbide, Nb-rich carbide, and Zr-
rich silicide phases, was fabricated. The ablation behavior was investi-
gated, combining thermodynamic analysis, and the solid-state reaction
between different multicomponent phases during ablation was revealed.
Moreover, the composition and structure evolution of the multicompo-
nent phases induced by solid-state reaction were elucidated. Importantly,
its favorable impact and synergy with the preferential oxidation in the
enhanced ablation performance were also systematically analyzed. In a
broader context, this work suggests that multiphase design allows the
multicomponent ceramic to achieve even better ablation performance,
and it is worthwhile to explore.

2. Results and discussion

2.1. Microstructure and composition of the multiphase multicomponent
ceramic

The microstructure of the multiphase multicomponent ceramic is
shown in Fig. 1a. It can be seen from the polished cross-section that
spherical white phases are uniformly distributed in some grey phases.
Meanwhile, the evident distinction in the composition of these phases
was confirmed by the EDS results (Fig. 1b and g): the spherical white
phases are mainly composed of C and Hf, while the surrounding light
grey phases are rich in Nb, and the dark grey phases are rich in Si and Zr.
The HRTEM analyses (Fig. 1c—e) show that the spherical white phases
can be indexed to f.c.c. carbide (HfC, JCPDS 65-8748), while the SAEDs
of light and dark grey phases can be indexed to hexagonal carbide (Nb,C,
JCPDS 15-0147) and hexagonal silicide (ZrsSiz, JCPDS 06-0582),
respectively. This appears to be consistent with the XRD analysis (Fig. 1),
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and the phase-volume ratio of the Hf-rich carbide (P1), Nb-rich carbide
(P2), and silicide (P3) phase is determined as 72.4 : 13.5: 14.1, respec-
tively, from the XRD calculation. And the weight percentage of these
phases is 72.19 wt%, 18.21 wt%, and 9.6 wt%, respectively. Combining
the EPMA point analysis results (Table 1 and S1), the compositions of
spherical white phase, light grey phase, and dark grey phase can be
defined as Hfyg5Zrg28Tig04Nbg03C (labeled as Hf-rich carbide),
(Nbyg 46Tig.01Hfo.31Zr9.22)2C  (labeled as Nb-rich carbide), and
(ZI'()V41Hf0_34Nb0_19Ti0v()6)5si3 (labeled as Zr-rich silicide), respectively.
Moreover, the SEM- and STEM-EDS mapping results also confirm the
uniform elemental distribution in each phase in micro- and nano-scale
(Fig. 1b and S1).

2.2. The overdll structure and composition after ablation

During ablation, the multiphase multicomponent ceramic achieved a
surface temperature of 2550 K, which is similar to that of single-phase
multicomponent carbide Hfy 50Zrg 30Tio.10Nbg.10C under identical test
conditions [24]. As shown in Fig. 2a, the multiphase multicomponent
ceramic demonstrates a superior ablation resistance. Its MAR is 13 times
lower than that of its single-phase counterpart and is 3 orders of
magnitude lower than that of conventional ZrC material. However, the
LAR of multiphase multicomponent ceramic is quite close to that of its
single-phase  counterpart, and it is lower than that of
Hf 2Zrg 2Tig 2Nbg 2Tag.2C-20 vol% SiC which was ablated under a much
lower heat flux (4.18 MW m~2) [25], implying a good dimensional sta-
bility during ablation. As shown in the macroscopic image of the ablated
samples, the ablation center of the multiphase multicomponent ceramic
is relatively smoother and more intact than that of the single-phase
counterpart (Fig. 2b). The SEM observation reveals a consistent result
(Fig. 2€).

A set of peaks corresponding to the monoclinic HfO5 (JCPDS cards
43-1017) was detected in the XRD patterns of the ablated surface
(Fig. 2g), this suggests that the as-formed oxide scale is mainly composed
of Hf-rich oxide. In addition, despite small amounts of SiO5 remaining
within the inner oxide scale (Fig. 2f), its diffraction peaks are not
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Fig. 1. (a) SEM image of a polished cross-section of multiphase multicomponent ceramic. (b) EDS mapping of the corresponding region in Fig. 1a; (c-e) HRTEM
images of Hf-rich carbide phase (c), Zr-rich silicide phase (d) and Nb-rich carbide phase (e) with FFT patterns and SAEDs inset, respectively; (f) XRD patterns of the
multiphase multicomponent ceramic; (g) EDS point analysis of the metal ratio of each ceramic phase.
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Table 1
The compositions of the constituent phases obtained by EPMA.
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Phase Phase 1 (Hf-rich carbide)

Phase 2 (Nb-rich carbide) Phase 3 (Zr-rich silicide)

Composition Hfy.65Z10.20Ti0.04ND0.02C

(Nbo.46Ti0.01Hf0.31Z10.22)2C (Zro.41Hf0.34Nbo.10Ti0.06)5S13
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Fig. 2. (a-b) Comparisons of ablation performance
(a) and macroscopic ablation morphology (b) (the
data of Hfy.50Zr0.30Tig.10Nbg.10C and
Hf 2Zrg 2 Tig 2Nbg 2Tag 2C-20 vol% SiC are referred to
the prior work [24,25]); (c) Cross-section morphology
of the central ablated area; (d) Elemental distribution
of the matrix/oxide scale interface obtained via
EPMA; (e-f) SEM image of the top surface of the scale
(e) and the as-formed SiO,, retained in the oxide scale
(f); (g) XRD patterns of the ablated sample.
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observed in the XRD patterns, which means most of the Si-component is
oxidized into gaseous products. It is, therefore, not expected that the
small amounts of as-formed glassy SiO, will provide a significant
advantage in reducing the ablation rate. However, elemental segregation
was detected at the interface between the ceramic matrix and oxide layer
(Fig. 2c and d), particularly the Hf-enrichment in the whole oxide scale.
This is evidenced by the aforementioned XRD analysis. Meanwhile, the
Zr-/Nb-clustering among the matrix/oxide scale interface is also
observed (Fig. 2c and d). Importantly, these composition evolutions
together with the unique underlying ablation mechanism may be
responsible for enhancing the ablation performance.

2.3. Structural and compositional evolution of matrix/oxide scale interface
region

To investigate the unique ablation mechanism of multiphase multi-
component ceramic, a thin TEM slice was lifted out from a triple junction
area among the matrix/oxide scale interface region (Fig. 3a, yellow box)
and then analyzed by TEM. The HAADF image (Fig. 3b) demonstrates the
morphology of the triple junction area. Three phases were observed
(Fig. 3b-d). Notably, an intermediate phase (labeled as IP1) formed
among the Hf-rich carbide (Fig. 3a and b). According to the Zr and O
elemental mapping results (Fig. 3d), the magnified STEM-EDS (Fig. 3f)
and HRTEM analysis (Fig. S2), this IP1 phase can be determined as Zr-
rich oxide. Interestingly, similar Zr-rich oxide intermediate phases
were also detected among Zr-rich silicide (Fig. 3e) and Nb-rich carbide
phases (Fig. 3g). These observations can be substantiated by the corre-
sponding STEM-EDS point analysis (Fig. 3c) and the further HRTEM
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analysis of these phases (Figs. S3 and S4).

It is noted that these observations reveals a mismatch with the ther-
modynamic prediction with respect to preferential oxidation [19,20].
Given both the experimental observation and thermodynamic calcula-
tions show that Hf would be preferentially oxidized in multicomponent
carbide and silicide systems and yield Hf-rich oxide [24,26], the
observed oxides here are Zr-enriched. This mismatch strongly suggested
that there are some undiscovered oxidation mechanisms of multiphase
multicomponent ceramics. In addition, although the crystal structure of
residue primary phases remains unaltered (Figs. S2-4b), significant
compositional evolution has occurred: the residue Hf-rich carbide be-
comes Zr-rich, while the remarkable enrichment of Nb in residue Nb-rich
carbide and Zr-rich silicide phases was also detected (Fig. 5d and
Table 2). These observations are in good agreement with the observed
composition evolutions shown in 2.2. More importantly, further study on
their implications for ablation performance is required.

2.4. Structural and compositional evolution of oxide scale

Similarly, TEM analysis was also performed on a triple junction area
among the oxide scale (the red box in Fig. 4a) to investigate its structural
and compositional evolution. As depicted in the HAADF image (Fig. 4b)
and the corresponding STEM-EDS mapping (Fig. 4d), Hf-rich oxides be-
comes the main oxidation products. For instance, micron-sized mono-
clinic Hf-rich oxides (labeled as OP4-6, detailed analyses were presented
in Figs. S6-8) forms at the phase boundaries of Hf-rich carbide, Nb-rich
carbide and Zr-rich silicide phases (Fig. 4b-e, f), while, some Hf-rich
oxides also forms among Hf-rich carbide (Fig. S5) and Zr-rich silicide
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Fig. 3. (a) The exact position (yellow box) where the TEM slice lifted out; (b) HAADF image of TEM sample 1; (c-d) STEM-EDS point analysis results (c) and elemental
mapping (d) of the oxides derived from each phase; (e-g) The magnified HAADF image of the oxides derived from Zr-rich silicide phases (e), Hf-rich carbide (f), and

Nb-rich carbide (g), respectively, with EDS Zr map layered.

Table 2
Phase composition before and after the initial oxidation via EDS.

Phases Initial oxidation product Residue primary phase

Compositions Zro.51Hf0.46Nb0.02Ti0.0102 (IP1) Hfo.53Zr0.42Ti0.01ND0.04C

Zr56Hf0.38ND0,05Ti0.0102 (IP2) (Nbo,77Zr0.08Hf0.12Ti0.03)2C

Zrg 61Hfo.35Nb0.03Ti0.0102 (IP3) (Nbo g1Zr0.14Hf0.04Ti0.01)5513

phases (Fig. 4 f). This significant tendency of Hf enrichment was
confirmed by the corresponding STEM-EDS point analysis (Fig. 4c).
Meanwhile, the crystal structure of these oxides was determined by
further HRTEM analysis (Figs. S5-8), which is consistent with the
abovementioned analysis.

In summary, the oxide scale demonstrates an oxidation reaction
regime different from that of matrix/oxide scale interface, specifically, it
conforms to the reaction regime of preferential oxidation of Hf. Gener-
ally, an oxygen activity gradient would develop across the material
during ablation [27], which means the exterior region (i.e., the oxide
scale) usually possesses a higher oxygen partial pressure pOy than the
matrix/oxide scale interface, and experiences higher extent of oxidation.
It is thus inferred that the pO, might alter the oxidation reaction regime
of the multiphase multicomponent UHTC.

2.5. The ablation mechanism of the multiphase multicomponent ceramic

To probe into the potential ablation mechanism, thermodynamic
software Factsage 8.2 was used to perform the equilibrium calculations of
oxidation of the multiphase multicomponent ceramic. Due to the absence
of thermodynamic data of complex solid solutions, a simplified example
of multiphase system HfZrC,-NbHfC,-ZrHfSiy was selected for analyzing
the reaction trend according to the main components of the multiphase
multicomponent ceramic. In addition, in order to describe the relatively
low pOs of the matrix/oxide scale interface, the input of the Oy of the
thermodynamic calculations was limited to 3 mol [20].

The equilibrium calculation results (Table 3), reveals that the Hf-

component is preferentially oxidized, and HfO, is the main oxidation
product in this system. More significantly, an intermediate phase, Zr-rich
carbide (i.e., Zrg 57Nbg 25Hf(.18Co.95), was predicted to form through the
solid-state reaction of phases. Meanwhile, the Zr/Hf-rich silicide be-
comes Nb-rich during this solid-state reaction (i.e., Nbg 1Hfp 1Zr¢ 06Co.95)-
Notably, this predicted Zr- and Nb-enrichment in residue carbide
together with the Nb-enrichment in residue silicide is in good agreement
with experimentally observed composition evolutions (Fig. 5d). These
results suggests that the oxidation behavior of multiphase multicompo-
nent system involves the solid-state reaction of phases and the prefer-
ential oxidation of thermodynamically favored components.

However, the equilibrium calculation results are not perfectly
consistent with the experimental observations. For instance, the observed
Zr-rich intermediate phases which formed among the matrix/oxide scale
interface are Zr-rich oxides rather than the predicted Zr-rich carbide (i.e.,
Zro.57Nbg 25Hf) 18Co.95). This mismatch implies that, during ablation, the
solid-state reaction and the preferential oxidation reaction occur syn-
chronously. And, it can be inferred from the enrichment of Zr in the oxide
that the solid-state reaction, which yields Zr-rich phases, prevailed over
the preferential oxidation reaction among the matrix/oxide scale inter-
face. The chemical equation of the solid-state reactions together with
partial oxidation is provided in the Supplementary Material.

Based on the Wagner reaction mechanism and related research [28,
29], the solid-state reaction of different phases is achieved by the inter-
diffusion of cations. As a result, the intermediate phase would form at the
phase boundary (i.e., the grain boundary) [29]. In this work, according to
the predicted composition evolution of residue carbide and silicide
phases (Table 3), it can be thus inferred that the interdiffusion of Nb and
Zr would occur among the phase boundary of carbide and silicide during
solid-state reaction (Fig. 5b). Interestingly, the phase boundary also
provided space for oxidation reactions due to oxygen diffusion always
occurring along the grain boundaries (Fig. 5b). While, the tendency of
preferential oxidation would promote the migration of preferentially
oxidized components (i.e., Hf) to the region where oxidation occurs [24].
Since the solid-state reaction prevailed over the preferential oxidation
reaction among the matrix/oxide scale interface, the Nb-Zr
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Fig. 4. (a) The position (red box) where the TEM slice lifted out; (b) HAADF image of TEM sample; (c-d) STEM-EDS point analysis results (c) and elemental mapping
(d) of the oxides derived from each phase; (e-f) The magnified HAADF image of the oxides derived from Hf-rich carbide, Nb-rich carbide, and Zr-rich silicide phases,

respectively, with EDS Hf map layered.

interdiffusion caused by the solid-state reaction dominated this reaction
process, rather than the migration of preferentially oxidized component
(i.e., Hf) due to the preferential oxidation reaction. Notably, in this
process, the diffusion coefficient of Nb-diffusion from carbide is believed
to be several magnitudes lower than that of Zr-diffusion from the Zr-rich
silicide [30,31]. Thus, Zr became the dominant diffusion species. As a
result, Zr-rich intermediate phases formed. Since oxygen continues to
diffuse to this matrix/oxide scale, the as-formed Zr-rich carbide inter-
mediate phases were subsequently oxidized into Zr-rich oxide.
Likewise, the thermodynamic analysis results and the above analysis
concerning the cations diffusion are also applicable to the interpretation
of the oxidation reaction regime of the oxide scale. As indicated earlier,
the ablation of the multiphase system involved two parallel competition
reactions, namely, the solid-state reaction of phases and the preferential
oxidation of thermodynamically favored elements. More importantly, the
competition would be primarily affected by the pO,. It can be thus
inferred that, due to the higher local pO; of the oxide scale region, the
preferential oxidation reaction prevailed over the solid-state reaction and
became the dominant reaction. Thus, the migration of Hf to the region
where oxidation occurs should be preferred (Fig. 5c). As a result, Hf-rich
oxides became the main oxidation products. In summary, the composi-
tion difference between the oxidation products of the oxide scale and the
matrix/oxide scale interface region is interpreted from the transition in
the reaction regime. While, the mismatch with the thermodynamic pre-
diction with respect to the preferential oxidation is also rationalized.

2.6. Impact on the ablation performance

After the solid-state reaction, the composition evolutions among the
matrix/oxide scale interface region would definitely impact the ablation
performance. Fundamentally, the solid-state reaction was driven by the
free energy minimization, which means the free energy of the multiphase
multicomponent system was lowered by the composition evolutions, and
the thermodynamic stability of the multicomponent carbide and silicide

phases should be improved. Here, the predominance diagrams of MC/
MSi + O, systems (e.g., M = Hf, Zr, Ti, Nb) were applied to assist the
interpretation of the variation in thermodynamic stability. These dia-
grams illustrate the stable ranges of carbide/silicide phases (i.e., edges of
color blocks showed in Fig. 5e and f). As shown in Fig. 5d, the residue Hf-
rich carbide became Zr-rich, while, the remarkable enrichment of Nb in
residue Nb-rich carbide and Zr-rich silicide phases was also detected.
Comparing the stable ranges of Hf- and Zr- carbide, it is found that the
carbide of Zr possesses the broader stable range around the ablation
temperature. It can also be inferred that the stable ranges of Nb-carbide/
silicide are significantly greater than that of Zr-carbide/silicide. This
suggests that, the composition evolution (Fig. 5d) allowed the multi-
component phases to exist stably under a higher oxygen partial pressure
(Fig. 5e and f), which led to the improvement of thermodynamic stability
of three-phase multicomponent ceramic. This would enhance the abla-
tion performance of the material within a specific temperature range.
Nonetheless, it should be noted that the oxidation products of Nb and Si
might deteriorate the ablation performance under the higher
temperatures.

In addition, the structural and compositional evolution of the oxide
scale also contributes to the enhancement of ablation performance. Due
to the preferential oxidation of Hf, Hf-rich oxides became the main
oxidation products. More importantly, in this process, the oxides of
preferentially oxidized Hf among carbide and silicide phases would
preferentially nucleate and further constitute a Hf-rich oxide skeleton
(Figs. S5a and 8a). It could sustain an adherent high-melting oxide scale
during ablation [32]. Furthermore, the laggingly oxidized Nb would form
the infilling oxides of the Hf-rich skeleton, and the melting phase formed
by the Nb-/Si-oxides could seal the pores and defects, making this oxide
layer relatively impervious and stable (Fig. S8a). Generally, this
self-healing structure is desirable for better protective performance. A
more detailed discussion is given in the previous works [24]. Summari-
zing, the synergisms of the solid-state reaction and preferential oxidation
were critical in the enhancing the ablation performance. More broadly,
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Fig. 5. (a—c) Schematic diagram of the ablation mechanism of multiphase multicomponent ceramic (a) including the solid-state reaction among the matrix/oxide scale
interface (b) and the preferential oxidation among the oxide layer (c); (d) The composition of carbide and silicide phases after solid-state reaction obtained by STEM-
EDS point analysis; (e-f) Comparison of the stable range of MC carbides (e) and MSi silicides (f) (e.g., M=Hf, Zr, Ti, Nb, the separate predominance diagrams of MC
and MSi are shown in Fig. S9, and they can be referred to our previous works ref. [24,26]).

Table 3
Equilibrium calculations of the HfZrC,-NbHfC,-ZrHfSi, system during the initial
stage of oxidation. The input of oxygen is 3 mol, and the temperature is 2550 K.

Constituents
Reactants HfZrCy NbHfC, (cr) ZrHfSiy(cr)
(cr)
Input (mol) 1 1 1
Products HfOy(cr) Zro.57Nbg 25Hfg 18Co.05(cr)  Nbg 1Hfo 1Zr¢ 06Si1.28(cr)
Output 2.2367 3.3248 1.7558
(mol)

this work also reveals that multiphase design is a promising approach
toward superior ablation performance of multicomponent UHTC. More-
over, thermodynamic pre-evaluation of the solid-state reaction and
preferential oxidation could facilitate the multiphase design of multi-
component UHTC.

3. Conclusion
In this work, the solid-state reaction process among multiphase

multicomponent ceramic during ablation was revealed through the in-
vestigations on the ablation behavior of a three-phase multicomponent
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ceramic consisting of Hf-rich carbide, Nb-rich carbide, and Zr-rich sili-
cide phases. It was found that this solid-state reaction occurred in the
matrix/oxide scale interface region. In this process, metal cations is
counter-diffused between the multicomponent phases. As a result, the
compositions of these multicomponent phases are largely altered. More
importantly, this composition evolution allows the multicomponent
phases to exist stably under a higher oxygen partial pressure, which
improves the thermodynamic stability of the three-phase multicompo-
nent ceramic. In addition, the preferential oxidation of Hf among the
oxide layer leads to a self-healing structure of Hf-rich oxide skeleton
infilled with Nb-/Si-oxides, which enhances the integral protection per-
formance against oxidizing environments. In conclusion, the synergism
of solid-state reaction and preferential oxidation evidently enhances the
ablation performance. More broadly, this work demonstrates that
multiphase design is a promising approach toward superior ablation
performance of multicomponent UHTC. Meanwhile, the present findings
may provide a preliminary basis for the future development of multi-
phase multicomponent UHTCs.

4. Experimental section
4.1. The fabrication of the multiphase multicomponent ceramic

The multiphase multicomponent ceramic, Hf-Zr-Ti-Nb-C-Si, was
prepared on a carbon/carbon (C/C) composite through reactive melt
infiltration (RMI) method integrated with a thermal evaporation (TE)
process. And some carbides were allowed to infiltrate into the C/C
composite to decrease the risk of cracking during the plasma ablation
test. During the fabrication process, the C/C composite (density: 1.00 g
cm %) was embedded into the mixed metal powder with a composition of
55 at. % Hf-30 at. % Zr-5 at. % Ti-10 at. % Nb within a graphite crucible
(46.5 mm in diameter and a height of 50 mm). And then put it into a big
graphite crucible (65 mm in diameter and a height of 80 mm) containing
silicon source. The Hf, Zr and Ti raw powders (d~40 pm, 99.2% purity)
were purchased from Jinzhou Haixin Metal Materials Co., Ltd. China. Nb
raw powder (d~45 pm, 99.95% purity) was purchased from Aladdin
Scientific Corp. And silicon source (i.e., Si powder, d~45 pm, 99.99%
purity, Aladdin Scientific Corp) was put in the big graphite crucible. The
heat treatment was conducted by a resistance furnace During heat
treatment, the temperature was firstly heated to 1873.15 K under a
heating rate of 10 K/min and kept for 0.5 h. In this thermal evaporation
stage, the pressure was maintained at 200 Pa. Then, the furnace was
evacuated and heated to 2373.15 K to carry out the RMI process, the
duration of this stage was 1 h. The multiphase multicomponent ceramic,
Hf-Zr-Ti-Nb-C-Si, was formed in this process, and the formation mecha-
nism has been discussed in the prior work [26].

4.2. Ablation test

In this work, the ablation test was carried out by a plasma torch de-
vice. During the test, the flow rates of argon and hydrogen gas were set as
2000 and 180 L h™!, respectively. And the working current and voltage
were set as 699 A and 64 V, respectively. The test sample (The sample
was not polished), having a size of #30 mm x 10 mm, was fixed in a
water-cooled copper holder, with a distance of 55 mm to the plasma gun
tip. The temperature of the central ablation region sample was measured
as ca.2550 K using an optical pyrometer. The heat flux of the plasma
torch was measured to be 6.73 MW m~2 by a heat flux sensor (GD-B3-12
M, Beijing East Summit Tech. Inc.). The test duration was 120 s. The mass
ablation rate (MAR) and linear ablation rate (LAR) were calculated by
Egs. (1) and (2), respectively:

_d; —d

LAR = ; (€D)]
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m; — mg
t

MAR = 2)
Where t s the test duration (s), d; (pm) and df (pm) are the initial and final
thicknesses measured at the center of the samples, respectively; m; (mg)
and my¢ (mg) are the initial and final mass of the samples, respectively;
These values were measured by the electronic balance (+0.0001 g) and
gauge (+£0.01 mm) respectively. The results of LAR and MAR were
averaged over three samples.

4.3. Characterization

The morphology of the sample was unanalyzed by a scanning electron
microscope (SEM, TESCAN, MIRA4 LMH) combined with an energy
dispersive spectroscopy (EDS, Ultam-Max-50), backscattered electrons
(BSE) detector was used throughout this work. The element content and
distribution were observed by an electron probe microanalysis system
(EPMA, JEOL, Jxa8230). The phase structure was identified via the X-ray
diffraction (XRD) analyzer (Bruker D8 ADVANCE) at a scanning speed of
0.5°-min"! from 5° to 80°. High-resolution transmission electron mi-
croscope (HRTEM) images and High-angle annular dark field (HAADF)
scanning transmission electron microscopy (STEM) images were ob-
tained by Talos F200x (scanning) transmission electron microscope
equipped with an EDS system. The accelerating voltage for TEM imaging
and STEM was 200 kV. The spot size for TEM-EDS was set as 100 nm x
100 nm. TEM samples were processed by a focused ion beam (FIB, FEI
Helios Nanolab 600i). The thermodynamic data and diagrams were
calculated by the phase and equilibrium modules of FactSage 8.2,
respectively.
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