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(Ti,Zr,Hf)C/SiC composites with micro-nano structure
were designed inspired by the gravel-sand structure of the wind-
resistant Gobi Desert to prevent air-plasma flame scouring and obtain
excellent ablation resistance. Dense (Ti,Zr,Hf)C/SiC micro-nano
composites were synthesized via pyrolysis of
Tig,—Zro3—Hfy s—vinylhydridopolycarbosilane (VHPCS) precursors with
different contents of (Tiy33Zry33Hfy34)C micropowders and sintered at
2200 °C. During heat treatment, the elemental diffusion between
micropowders and polymer-derived ceramics leads to the formation
of a single-phase (Tij 3,21y 3,Hf 36)C solid solution with both micro- and
nano-grains. Compared with the micro composites, micro-nano
composites exhibit enhanced ablation resistance at approximately
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2200 °C, with negative linear and mass ablation rates of —0.12 um/s and —1.01 mg/s, respectively. This improvement results from the
formation of a stable and dense protective oxide layer consisting of microscale (Ti,Zr,Hf)O, skeletons derived from
(Tig.32Zr0 35Hf0 36)Crnicror UNiformly dispersed (Ti,Zr,Hf)O, nanoparticles derived from (Tiy 3,21 3,Hfo 36)Chanos @nd a SiO,/(Zr,HA)TiO, phase
matrix. The refractory (Ti,Zr,Hf)O, microskeletons and nanoparticles collectively protect the molten matrix from air-plasma flame
scouring, similar to the wind-resistant mechanism of the Gobi Desert, in which multisized gravel stabilizes the mobile sands.
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1 Introduction

In recent years, rapid advancements in aerospace technology have
increased the demand for improved thermal protection materials
(TPMs). Typical TPMs include refractory metals [1], carbon fiber-
reinforced ceramic matrix composites [2-5], and ultrahigh-
temperature ceramics (UHTCs) [6,7]. TPMs used in high-speed
vehicle components (nose cones or leading edges) must withstand
ultrahigh-temperature oxidation and scouring introduced by high-
speed airflow. Therefore, their oxidation resistance and structural
stability of the oxide layers during ablation are highly important.
UHTCs and their composites have emerged as formidable
contenders for TPMs [8-11], and their properties are closely
related to their chemical composition and microstructure. To
improve the ablation resistance of UHTCs and their composites, it
is essential to optimize the synthesis methods, chemical
composition, and microstructure design.

A series of techniques have been widely used to fabricate
UHTCs and their composites, including solid-state reaction (SSR)
[12-15], sol-gel method [16,17], polymer-derived ceramic (PDC)
[18-20], reactive melt infiltration (RMI) [21,22], chemical vapor
deposition (CVD) [23,24], and polymer infiltration and pyrolysis
(PIP) [25-27]. Among these methods, the PDC method facilitates
effective composition and phase modulation through the precise
molecular design of polymer precursors (including the types and
ratios of ultrahigh-temperature elements). Furthermore, the
UHTC phases are generated in situ in/with the SiC matrix,
achieving uniform phase dispersion [28]. Lu et al. [29] synthesized
nanoscale Ta,HfC; ceramics with well-distributed elements via the
PDCs method. Yang et al. [30] prepared (TiHfVNDbTa)C high-
entropy carbides from a homogeneous multimetal polymer
precursor, with a significant compositional improvement over
high-entropy carbides produced via an SSR method. Thus, the
PDC method is a promising approach for the preparation of
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nanoscale multicomponent UHTCs with tailored phase
compositions and uniform microstructures, leading to improved
properties.

In previous studies, a series of dense UHTCs/SiC
nanocomposites with uniform microstructures and elements, such
as HfC/SiC [31], (Hf;Ta)C/SiC [32,33], and (Ti,Zr,Hf)C/SiC [34],
were synthesized via the PDC method. These nanocomposites
show superior oxidation performance at medium-high
temperatures (500-1600 °C) and enhanced ablation resistance at
high temperatures (approximately 2200 °C). Among these
composites,  (Tiy,Zr,;Hf,;)C/SIC  nanocomposites achieved
enhanced ablation resistance because of the formation of a dense
multi-oxide layer including (Ti,Zr,Hf)O,, (Zr,Hf)TiO,, and SiO,
phases during ablation. The presence of high-melting-point
(Ti,Zr,Hf)O, nanoparticles significantly enhances the stability of
the oxide layer via the pinning effect. The oxide layer thus offers
great protection against the invasion of oxygen atoms, as well as
good resistance to the air-plasma flame scouring [34,35].
However, the loss of molten phases in the oxide layer of
(Tiy,Zry;Hf, 5)C/SiC nanocomposites can still be observed during
ablation, which indicates that the simple (TiZr,Hf)O,
nanoparticles are unable to sufficiently stabilize the oxide layer.

Enhancing the stability of the oxide layer through
microstructure design is a promising new strategy to improve the
ablation resistance of (Ti,Zr,Hf)C/SiC composites. Inspired by
natural geological systems, desert regions with fine sand are
characterized by a high degree of mobility, whereas the Gobi
Desert (commonly found in Northwestern China), which
comprises multi-sized gravel and fine sand, is characterized by
strong wind resistance. The surface gravel layer has been shown to
effectively reduce near-surface wind speeds, whereas the
underlying sand has been observed to form a compacted matrix
within the interstitial spaces of the gravel [36]. This structure
allows the Gobi Desert to maintain good stability even under
strong windy conditions and offers a nature-inspired
microstructure design for enhancing the stability of the oxide layer
in anti-ablation materials. This motivated the development of
UHTCs-based composites with multiscale Gobi Desert-like
structures, such as (Ti,Zr,Hf)C/SiC micro-nano composites, then
to preserve the stabilized Gobi Desert-like structure in the oxide
layer on the basis of the hereditary effects of the material structure
to synergistically improve ablation resistance.
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In this work, (TiZr,Hf)C/SiC micro-nano composites and
microcomposites with varying (TiZr,Hf)C contents were
prepared by combining the PDC and SSR methods. The
formation process and mechanism of micro-nano (TiZr,Hf)C
composites were investigated. The ablation resistance and
underlying mechanisms of micro-nano composites at
approximately 2200 °C were discussed and compared with those
of microcomposites. The synergistic effect of micro-nano
(Ti,Zr,Hf)C grains in enhancing the ablation resistance of
composites was demonstrated, highlighting their role in stabilizing
protective oxide layers during ablation. This work proposes a
simple and new strategy to improve the ablation resistance of
UHTCs-based composites through microstructure design.

2 Experimental

2.1 Materials preparation

2.1.1 Preparation of (Tiy332r,33Hf3)C powders

Commercially available Ti, Zr, Hf, and carbon powders (> 99.5 wt%,
1-3 um, Macklin Biochemical Co., China) were used as the
starting materials for the synthesis of (Tij3;Zr,3Hfy3,)C through
the SSR method. The starting materials were weighed according to
the target compositions, i.e., the molar ratio of Ti : Zr : Hf : C was
1:1:1:3. The powders were mixed through high-energy ball
milling at 300 r/min for 6 h. Then, the mixed powders were
annealed at 2000 °C under an argon atmosphere to obtain a solid
solution  (Tiy33Zry35Hf3,)C  powder. Detailed preparation
information is reported elsewhere [13].

2.1.2  Preparation of micro-nano composites

A schematic diagram of the preparation of UHTC micro-nano
composites is shown in Fig. 1. First, the as-prepared micro-
(Tip 3321y 33Hfy3,)C powders (4, 8, and 12 g) were mixed with 3 g of
vinylhydridopolycarbosilane (VHPCS, Institute of Chemistry,
Chinese Academy of Sciences, China) and 5 mL of xylene,
forming a (Tiy33Zr33HE34)Crice/ VHPCS  slurry mixtures. A
solution containing three metal amides (ie, tetrakis
(dimethylamino)titanium(IV) (TDMAT), tetrakis(dimethylamino)
zirconjum(IV)  (TDMAZ), and tetrakis(dimethylamino)
hafnium(IV) (TDMAH)) (Nanjing Ai Mou Yuan Scientific

Fig.1 Schematic diagram of preparation of (Ti,3,Zr,3,Hf;35)C/SiC micro-nano composites.
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Equipment Co., Ltd., China) (7 g in total) in a molar ratio of 2: 3 :
5 was subsequently titrated into the (Tiy32r33Hf;34)
Chicro/ VHPCS mixtures and heated at 80 °C for 3 h with stirring.
According to our previous work [34], these three metal amides
can react with VHPCS to form a Tiy,~Zr,;-Hfy;~VHPCS single-
source precursor (SSP). The whole reaction process was
conducted under an argon atmosphere via the Schlenk technique
to prevent the hydrolysis of the precursors. Interestingly, because
the Tiy,~Zry;—Hf,;~VHPCS crosslinked during heating and
stirring, the (Tij332ry3Hfy3)C powders were fixed in the
crosslinked Tiy,~Zr,;-Hf, s~ VHPCS without sedimentation. After
further evaporating the xylene under vacuum at 80 °C for 5 h, a
black solid-state mixture with (Tijs3Zr,33Hf3,)C powders
homogeneously dispersed in the SSP was obtained (denoted as
(Tig 33Zx0 33Hf034) Coniero/ Tho2~Z103~Hig s~VHPCS).  Then, the as-
obtained mixtures were pyrolyzed at 1100 °C for 2 h in argon to
obtain  (Tiy33Zr33H1 30) Crricro/ SiTig 221 sHE, sC-based  ceramics
(according to Ref [34], the ceramic vyield of Tij,~Zrys—
Hf,-~VHPCS was 75 wt% after pyrolysis, and SiTi,,Zr,;Hf,;C
indicates an amorphous state). The (Tiy33Zr)33Hf34)Cricro/
SiTiy,Zr,;Hf,sC ceramics are denoted as STZHC-1, STZHC-2,
and STZHC-3, respectively, according to the different amounts of
added (Tiy33Zr,3Hfy3,)C powders (4, 8, and 12 g, respectively).
The high-temperature phase evolution of the as-pyrolyzed
ceramics was studied by annealing at 1300, 1500, and 1600 °C in
argon for 5 h. Furthermore, the as-pyrolyzed ceramics were
densified via the spark plasma sintering (SPS) process in a furnace
(FCT HP D25, FCT Systeme GmbH, Germany) under a pressure
of 45 MPa at 2200 °C for 20 min under vacuum. The skeletal
density and open porosity of the samples were determined by
Archimedes’ method with deionized water as the immersion
medium.

For comparison, the (Tijs3Zr,33Hf;3,)C powders were also
mixed with the pure VHPCS to prepare dense (Ti3;Zr,33Hf;34)
Chicro/SIC  micro-composites under the same conditions. To
ensure that the content of the UHTCs phases in the
(Tig3321033HE 34) Crricro/ SIC dense composites is the same as that in
the sintered STZHC-1, STZHC-2, and STZHC-3 composites, the
weights of (Tiy3Zrg3Hfy3,)C powders in the (Tiy3Zr33Hf)34)
Chicro/ VHPCS mixtures were set to 8, 12, and 16 g, respectively
(these weights were calculated based on a ceramic yield of 65 wt%
for VHPCS). They are denoted as SC-1, SC-2, and SC-3,
respectively. The contents of the components before and after the
SPS process can be found in Table 1.

2.2 Ablation test

The ablation behavior of the sintered STZHC-1/2/3 and SC-1/2/3
ceramics with dimensions of ¢20 mm x 4 mm was evaluated
using air-plasma equipment for 60 s. The working current and
voltage for all tested samples were set at 550 A and 58 V to ensure
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the same heat flux. The fluxes were 2000 and 150 L/h for argon
and hydrogen gas, respectively. The distance between the nozzle
and the sample surface was 60 mm, and the surface temperature
of each sample was recorded with an infrared thermometer. The
mass ablation rate (R, mg/s) and linear ablation rate (R, pm/s)
were calculated using Eqs. (1) and (2):

_Am omy—my

Ro == =" M
Al L -

R=Elo b 2)

where m, and m, are the masses of the samples before and after
ablation (mg), respectively; J, and [ are the thicknesses of the
samples before and after ablation (um), respectively; ¢ is the
ablation time (s).

2.3 Characterizations

An X-ray diffractometer (XRD; Smartlab SE, Japan) with Cu Kal
radiation was used to determine the phase composition of the
annealed powders and sintered samples before and after ablation.
An inductively coupled plasma-atomic emission spectrometer
(ICP-AES; iCap 6500, Thermo Fisher Scientific, USA) was used to
analyze the contents of Ti, Zr, and Hf elements in the sintered
samples. A scanning electron microscope (SEM; CLARA,
TESCAN, The Czech Republic) with an energy dispersive
spectrometer (EDS) detector was applied to investigate the
morphologies of the composites before and after ablation, as well
as their element distribution. A transmission electron microscope
(TEM; Talos, F200X, Czech Republic) equipped with an EDS was
used to characterize the microstructures of the ceramics.

3 Results and discussion

3.1 Microstructure of (Tiy3;Zr, 5;Hf; 5,)C powders

Figure 2(a) shows the XRD patterns of the as-prepared
(Tiy33Zr33Hfy3,)C powders, which were annealed at 2000 °C.
Only one set of diffraction peaks appears in the annealed powders,
which shows that a single-phase solid solution (Tig;Zr,33Hf,3,)C
formed after high-temperature treatment. As indicated by the
XRD refinement results (Fig. 2(b)), the values of the weighted
profile residual factor (R,,) and the profile residual factor (R)
converge to 3.70% and 2.58% for the (TijsZry3Hf)3)C,
suggesting well fit with experimental results. The lattice constant
of (Tiys33Zry33HE,3,)C is 0.4578 nm, which agrees well with the
results calculated by Vegard’s law [37]. The SEM images and EDS
mappings of the (Tiys2ry3Hf;3)C powder show a uniform
distribution of C, Ti, Zr, and Hf elements at the microscale
(Fig. 2(c)). The microstructure of the (Tiy33Zr,3;Hf3,)C powder

Table1 Composition (weight fractions) before and after SPS process and chemical formula of sintered composites for each sample (different precursors were used to
prepare PDCs for two groups of samples: Tiy,~Zr ;—Hfy s~ VHPCS used for STZHC samples and VHPCS used for SC samples)

Before SPS (wt%)

After SPS (wt%)

Sample - - - Chemical formula
(Tig 35210 33Hf34)C PDCs (Ti,Zr, HH)C SiC
STZHC-1 34.8 65.2 70.7 29.3 (Tig 3521y 3,Hf 35)C/30SiC
STZHC-2 516 48.4 78.2 21.8 (Tig 5,Zrg 5, Hf 3)C/225iC
STZHC-3 61.5 385 82.7 17.3 (Tig 3,210 5,HE, 5)C/17SiC
SC-1 60.3 39.7 70.0 30.0 (Tig 35210 53HF, 3,)C/308iC
SC-2 69.7 30.3 78.0 22.0 (Tig 3321y 33Hf 3,)C/2281C
SC-3 75.9 24.1 82.9 17.1 (Tigs5Zr0 53Hfy 3,)C/17SiC
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Fig.2 (a) XRD patterns of Ti, Zr, Hf, and C powder mixtures and annealed (Ti,3;Zr3;Hf;3,)C powder; (b) fitted XRD profile, (c) SEM image, and (d) TEM images of

(Tig 3321 35Hf, 3,)C single-phase solid solutions.

was also characterized via TEM (Fig. 2(d)), and the lattice spacing
of the (020) crystal plane was determined to be 0.2306 nm from
high-resolution TEM (HRTEM), which is close to the XRD
refinement result. The selected area electron diffraction (SAED)
pattern indicates the face-centered cubic (FCC) structure of
(Tig33Zre33Hfy3,)C powder as well. In addition, the element
distribution mappings of C, Ti, Zr, and Hf further prove the
uniformity of the solid solution powder at the nanoscale.

3.2 Microstructure of micro-nano composites and micro
composites

XRD patterns and enlarged XRD patterns of the STZHC-1/2/3
micro-nano composites and SC-1/2/3 micro composites are
shown in Fig. 3 and Fig. Sl in the Electronic Supplementary
Material (ESM). They were pyrolyzed at 1100 °C and
subsequently annealed at 1300, 1500, 1600 °C and sintered by SPS
technology at 2200 °C. All the as-pyrolyzed powders exhibit a set
of well-crystallized diffraction peaks belonging to the previously
mixed (Tiy33Zr,33Hf3,)C micropowders. Under these conditions,
the SiTiy,Zr);Hf,;C ceramics are amorphous [34]. With
increasing heat treatment temperature, only the diffraction peak of
B-SiC can be detected due to the crystallization of amorphous
SiTig,Zry;HfysC (Figs. S1(a)-S1(c)). However, no new diffraction
peaks assigned to (Tiy,Zr,;Hf5)C can be detected. According to
previous work [34], the crystallization of amorphous
SiTiy,Zry;HfysC should result in B-SiC and (Tiy,Zry;Hfy5)C,
respectively. Thus, there should be two sets of diffraction peaks
assigned to micro-sized (Tiy33Zr33Hfy3,)C and nano-sized
(Tiy,Zry;Hf, 5)C. However, in this work, only one set of diffraction
peaks assigned to a new (TiZr,Hf)C phase is detected, and the
diffraction peaks of the (Ti,Zr,Hf)C phase gradually shift to lower
angles with increasing temperature (Figs. 3(a)-3(c)). This is due to
the occurrence of a solid solution reaction between the
(Tips3Zry33Hfy3,)C micropowder and the polymer-derived
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SiTig,Zry;HfysC ceramics during heat treatment and sintering,
resulting in the interdiffusion of Ti, Zr, and Hf. This interesting
behavior is not found in the SC-1/2/3 microcomposites.

The diffraction peaks of (Tij33Zr,33Hf;3,)C in SC-1/2/3 did not
shift during high-temperature annealing, but the diffraction peaks
in the sintered SC-1/2/3 samples shifted toward higher angles after
sintering (Figs. 3(d)-3(f)). This is because the thermal expansion
coefficient of SiC (4.5x10° K™ [38]) is significantly different from
that of TiC (7.7x10° K™ [39]), ZrC (6.7x10° K™ [40]), and HfC
(6.6x10° K [41]), and thermal mismatch during sintering leads
to thermal stress (i.e., lattice strain) in the ceramics. Under the
influence of thermal residual stress, both the crystal structures of
(Tiy33Zr33Hfy3,)C and SiC in the sintered SC samples change
slightly. The (Ti,Zr,Hf)C crystals were subjected to compressive
stress, so the rightward shift of the (Ti,Zr,Hf)C peak is consistent
with this thermal stress theory. To further verify this, the enlarged
XRD patterns of SiC are also shown in Fig. S2 in the ESM, which
shifted to the left (under tensile stress), which is also consistent
with the theory [40,42,43].

All the sintered micro-nano composites and micro composites
have a low open porosity of less than 1%. The real molar ratios
of Ti, Zr, and Hf in the as-sintered samples were determined
via elemental analysis (Table 1). The compositions of the
sintered STZHC-1/2/3 are expected to be (TiysZr3Hf )
C/308SiC, (TiysZry3,Hfy36)C/22SiC, and (Tiy3,Zr,3,Hf,36)C/17SiC,
respectively. Those for sintered SC-1/2/3 can be expressed as
(Tig33Z1033HI34)C/30SiC, (Tig33Z1033H34)/228iC, and
(Tiy33Zr33Hf 3,)/17SiC, respectively. The new metal molar ratios
in the as-sintered STZHC-1/2/3 ceramics are attributed to the
mutual diffusion of Ti, Zr, and Hf between the (Tiy 3321, 33Hf;3,)C
powders and SiTiy,Zry;Hf,sC ceramics derived from the Tiy,-
Zry;-Hfys~VHPCS precursors. Based on Vegard’s law [44] and
Bragg’s equation [19], the diffraction peak of (Ti3,Zr3,Hf;3,)C in
the (111) plane should be approximately 34.05° (in theory), which

J Adv Ceram 2025, 14(10): 9221151
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Fig.3 Enlargement of XRD patterns from 33° to 35° of pyrolyzed, annealed, and sintered ceramic composites at different temperatures: (a) STZHC-1, (b) STZHC-2,

(c) STZHC-3, (d) SC-1, (e) SC-2, and (f) SC-3.

is close to the 26 of 33.94° in the XRD patterns (in fact, Figs. 3(a)-
3(c)). This suggests that elemental exchange did occur in the
STZHC-1/2/3 samples and that the diffraction peaks of the solid
solution carbides indeed shifted to lower angles.

Figure 4 shows SEM images and EDS mappings for Si, Ti, Zr,
and Hf elements in the sintered STZHC-1/3 and SC-1/3 samples.
The light-colored phases correspond to (TiZr,Hf)C solid
solutions, and the dark-colored phases correspond to SiC. In
STZHC-1, the (T,Zr,Hf)C,,, particles are uniformly mixed with
(TiZr,H)C,,o/SIC  (Fig. 4(a)). In STZHC-3 samples, the
(T1,Zr,Hf)C i, powders are gradually linked together, forming a
micro-nano structure with (Ti,Zr,Hf)C,,,,/SiC distributed among
interconnected (TiLZr,Hf)C,, phases (ie, (TLZrH)C, o/
(T1,Zr,Hf)C,,,o/SIC structures) (Fig. 4(b)). The microstructures of
SC-1/3 are quite different. The added (Tijs3Zry33Hf34)Cricro
powders are irregularly distributed in the SiC phases in SC-1
(Fig. 4(c)). As the amount of added powder gradually increases,
the structure of SC-3 is formed by a cohesive framework of
(Tipa3Zro33HE)3)Cricro carbides with unevenly distributed SiC
phases (Fig. 4(d)). Notably, no (Ti,Zr,Hf)C nanograins can be
observed in the SiC phases in the (Ti,Zr,Hf)C,,/SiC structure
(Figs. 4(c) and 4(d)). The microstructures of STZHC-2 and SC-2
are shown in Fig. S2 in the ESM.

The main reasons for the better uniformity of micro-nano
composite ceramics are as follows. The (Ti,Zr,Hf)C phases mixed
with SiC phases are divided into three steps. First,
(Tig33Zr33Hfy3,)C micropowders are added to VHPCS and
homogeneously mixed. A solution containing three metal amides
is then titrated into the (Tiy33Zr33Hf; 34) Cniero/ VHPCS mixtures at
a uniform rate to react with it. The Si-H groups of VHPCS can

https://doi.org/10.26599/JAC.2025.9221151

react with amides by replacing the CH; groups, thus promoting
the formation of a three-dimensional network structure [34]. The
high-viscosity polymers formed during oil bath heating promoted
the dispersion of the added (Tis3Zr)33Hf)34)Cpricre powders and
maintained their dispersed state in the STZHC samples. Finally,
the mixed solid Tij,~Zry;-Hfy;s—~VHPCS encapsulated with
(Tig3321433H1 34) Cinicro ceramic powder without sedimentation was
obtained in a heated environment with a protective atmosphere.
Subsequently, micro-nano composites with multiscale Gobi
Desert-like structures were synthesized to synergistically improve
the ablation resistance. However, pure VHPCS does not facilitate
the formation of high-viscosity = polymer-encapsulated
(Tip 33210 35Hf)3.)Crriere powders before pyrolysis. Therefore, the
incorporated (T 3321 335Hf; 34) Cpricro pPoWders cannot be uniformly
dispersed in SiC within the SC samples.

According to XRD and microstructural analyses, elemental
exchange occurs between the (Tij33Zr,35Hf5,)C microparticles
and the SiTiy,Zry;Hfy;C phase. Thus, the STZHC-1/2/3 samples
include micro-nano (Tiys,Zr,3,Hf3)C. The SC-1/2/3 samples
have only microscale (Tiy;Zr,33Hf, 34)C.

To further analyze the microstructure of the micro-nano
composites, TEM was carried out on the STZHC-3 sample.
HRTEM images, SAED patterns, and EDS mappings were
acquired to determine (Tiy3,Zr3Hf)30)Cnicror  (Tho32Zr030HE036)
Coane and SiC, respectively. In the bright field image (Fig. 5(a)),
the (Tiy3Zry3Hf)36)Crice  grains with an average size of
approximately 1 pm are mixed with (Tiy3,Zr3,Hf36)Cpano/SiC.
The average grain size of (Tiy3,Zr,3Hf;35)Crano i the sample was
approximately 70 nm. In the dark field image and EDS mappings
(Fig. 5(g)), the Ti, Zr, and Hf elements are distributed uniformly
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Fig.4 SEM images and EDS mappings of (a) STZHC-1, (b) STZHC-3, (c) SC-1, and (d) SC-3. Insets show microstructure at high magnifications.
in the light-colored phases ((Tiy3,Zry3Hf36)Crice  and potential gradient and always results in decreasing free energy

(Tiy3pZ13Hf 36) Crano)> and the Si element is distributed evenly in
the dark-colored SiC phases. The C element is distributed
throughout the entire mapping. The EDS results of points 1 and 2
(Fig. 5(h)) further confirm that the element exchange
phenomenon occurs between (T1,Zr,Hf)C, i, and (Ti,Zr,Hf)C,,0
powders, resulting in compositions with similar metal ratios.

3.3 Formation process and mechanism of micro-nano
structured (Ti,Zr,Hf)C

Based on the experimental results and the discussion above, the
formation of micro-nano structured (Ti,Zr,Hf)C can be
summarized in two steps as follows (the corresponding formation
process is illustrated in Fig. 6(a)):

(1) 1100-1300 °C: According to Ref. [45], the production and
migration of vacancies lead to solid solution reactions. The
vacancy formation energies of Ti, Zr, and Hf are ranked as
Ti (8.6 eV) < Zr (9.3 eV) < Hf (94 eV) based on the density
functional theory (DFT). Because of the high vacancy formation
energies of Ti, Zr, and Hf, solid solution reactions do not occur at
low temperatures. The XRD patterns of the SiTiy,Zr,;Hf,5C
ceramics (Fig. 6(b)) indicate that the diffraction peaks of the metal
carbides steadily shifted toward a lower angle as the temperature
increased. This is because Ti, Zr, and Hf have different diffusion
rates (Ti > Zr ~ Hf [45]). Ti with a small atomic radius first
diffuses from the amorphous phase, followed by Zr and Hf with a
large atomic radius to form the solid solution phase [46]. At
1300 °C, although SiTiy,Zr,;Hf;;C remains in an amorphous
state, the diffraction peaks of (Ti,Zr,Hf)C in STZHC-1/2/3 slightly
shift to lower angles (Figs. 3(al)-3(c1)), suggesting one-directional
diffusion of metallic elements from the amorphous ceramics into
(Tigs3Zry33Hf,3,)C (Fig. 6(a)). Diffusion is driven by the chemical
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[47]. The uniform distribution of metallic elements at the
atomic scale can also greatly reduce the activation energy of
diffusion [48].

(2) > 1300 °C: SiC diffraction peaks can be observed in the
XRD patterns of SiTi,Zry;HfysC when annealed higher than
1500 °C (Fig. 6(b)), which means that SiTi,,Zr,;Hf,;C undergoes
a crystallization process. However, no (Tiy,Zr,;Hf,s)C peaks can
be detected in the XRD patterns of the (Tiys,Zr,3,Hf3)C/SiC
micro-nano composites, indicating that elemental exchange
occurs. More concretely, the crystallization process of
SiTiy,Zry;HfysC and the elemental exchange caused by the
differences in atomic concentration between (Tiy,Zr;Hf)5)C ano
and (Ti3;Zr, 33Hf 34) Crriere Occur simultaneously. Interdiffusion of
Ti, Zr, and Hf occurs between the micropowders and the polymer-
derived nanoceramics and eventually results in a stable state
(Fig. 6(a)). Consequently, the obtained (Ti3,Zr3,Hf; 36)Cpicro and
(Tig3pZr43,Hf) 36)Cpano in the micro-nano composite ceramics
ultimately have the same molar ratio of metal atoms (Table 1).

3.4 Ablation behavior of micro-nano composites and
micro composites

Figure 7 displays photographs of the dense sintered composite
ceramics after air-plasma ablation at approximately 2200 °C. As
illustrated in Fig. 7(a), obvious ablation pits and different ablation
regions are evident on the surface of the ablated STZHC-1. There
are no obvious ablation pits on the surfaces of STZHC-2 and
STZHC-3, but a small amount of oxide peeling can be observed.
In contrast, ablation pits and distinct ablation zones can be
observed on the surfaces of SC-1 and SC-2, accompanied by
yellow oxides and discernible oxide spheres within the ablation
center. Additionally, a considerable quantity of oxides detach in

J Adv Ceram 2025, 14(10): 9221151
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the transition areas. A notable number of white oxides also fall off
the surface of SC-3, exposing the black bulk (Fig. 7(b)). These
findings demonstrate that the initial microstructure and phase
composition have a significant effect on the surface morphology
of the ablated composites. In particular, it is imperative to
concurrently employ (Ti,Zr,Hf)C with micro-nano structures and
a higher (TiZr,Hf)C content, that is, to prepare an STZHC-3
sample with a multiscale Gobi Desert-like structure to
synergistically improve ablation resistance.

Figure 8 displays the ablation curves, ablation rates, and XRD
patterns of the ablated ceramic composites. The ablation curves
exhibit comparable heating rates, indicating that the surface
thermal response behavior of the composite ceramics is analogous
(Fig. 8(a)). The maximum surface temperature of micro-nano
composites ranges from 2190 to 2250 °C. From the perspective of
ablation rates (Fig. 8(b)), the STZHC-3 micro-nano composites
and SC-3 micro composite show better ablation performance,
with mass and linear ablation rates of —1.01 mg/s and —0.12 pm/s,
021 mg/s and 0.32 pm/s, respectively. Notably, the negative

https://doi.org/10.26599/JAC.2025.9221151

ablation rates of STZHC-3 indicate that the mass gain of the oxide
layer resulting from oxidation is greater than the mass loss caused
by mechanical scouring. Table 2 compares the ablation rates of
STZHC-3 and SC-3 with those of other thermal protective
ceramics [10,15,42,49,50]. STZHC-3 exhibits excellent ablation
performance due to its non-ablative characteristics.

The exceptional ablation resistance of STZHC-3 and SC-3 can
be attributed to the high UHTC content (approximately 83 wt%),
which is conducive to the formation of a stable oxide skeleton
during the high-temperature ablation process. However, with the
same UHTC content, the ablation resistance of STZHC-3 is better
than that of SC-3, and that of STZHC-2 is better than that of
SC-2. This behavior proves that, compared with the
microcomposites, the micro-nano composites containing
uniformly distributed micro-nano structured (Ti,Zr,Hf)C phases
exhibit much better resistance to mechanical scouring caused by
high-speed air-plasma. The initial optimized microstructure and
protective role of the micro-nano composites are similar to those
of the Gobi Desert, where multisized gravels are more effective at
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Fig.7 Photographs of (a) STZHC and (b) SC composites after air-plasma ablation at 2200 °C.

protecting shifting sands from being blown away by strong winds
than gravels of only large sizes. The protective role is discussed
later.

Figures 8(c) and 8(d) display the XRD patterns of STZHC-
1/2/3 and SC-1/2/3 after ablation for 60 s. The phase compositions
of the ablated samples are similar to those of the ablated
Ti-Zr-Hf-VHPCS-derived ceramic nanocomposites [34]. The
XRD peaks are close to those of ZrO, (PDF#86-1449), HfO,
(PDF#74-1506), ZrTiO, (PDF#34-0415), and HfTiO, (PDF#40-
0794). Moreover, no characteristic peaks are similar to those of
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TiO, Consequently, a new oxide solid solution phase
(Ti,Zr,Hf)O, appeared after ablation. In addition, TiO, reacted
with ZrO, and HfO,, resulting in the formation of (Zr,Hf) TiO,.
The surface morphologies of the ablated central regions of the
STZHC-1/2/3 micro-nano composites were characterized via
SEM (Fig. 9). The ablation surface of STZHC-1 exhibits
irregularly distributed (Ti,Zr,Hf)O, (Fig. 9(a)), whereas that of
STZHC-2 displays an increased oxide content with a diffuse and
incoherent distribution (Fig. 9(b)). As the (TiZr,Hf)C content
increased, the amount of (TiZr,Hf)O, oxides in STZHC-3

J Adv Ceram 2025, 14(10): 9221151
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Table2 Mass ablation rate (R,,) and linear ablation rate (R)) of samples in this work and other studies under similar ablation conditions
Sample Ablation test R, (mg/s) Ry (um/s) Ref.
TaysHf, sC Plasma flame, 2200 °C, 30 s 0.67 2.38 [50]
(Hf-Ta-Zr-Nb)C Plasma flame, 2186 °C, 60 s 0.66 8.5 [10]
(Hfo2Zro,Tag,Nby,Tip,)C Oxy-acetylene flame, 2227 °C, 60 s 33.8 23.6 [49]
(Hf-Ta-Zr-Nb-Ti)C Plasma flame, 2157 °C, 90 s - 3.1 [15]
(Hf-Ta-Zr-Nb-Ti)C-20 vol%SiC Plasma flame, 2063 °C, 90 s - 1.6 [15]
(TiZrHfNbTa)C-SiC Oxy-acetylene flame, 2000 °C, 120 s 1.9 2.1 [42]
SC-3 Plasma flame, 2200 °C, 60 s 0.21 0.32 This work
STZHC-3 Plasma flame, 2202 °C, 60 s -1.01 -0.12 This work

dramatically increased, and the microscale (TiZr,Hf)O, was
interconnected and formed a network-like skeleton (Fig. 9(c)).
Interestingly, the (TiZr,Hf)O, skeleton is an integrated high-
strength structure that can provide a framework in the oxide layer
[51,52]. Studies have shown that the structure remains intact even
when cracks are created or progressively expand in the network
structure [52]. The formation of this unique protective oxide layer
is due to the micro-nano structure of STZHC-3, with
(Ti,Zr,Hf)C,,,,/SiC distributed among the (T1,Zr,Hf)C,;, phase.
The network-like (Ti,Zr,Hf)O, skeleton is derived from the
interconnected  (Tiy3,Zry3Hfy36)Cicre particles, which can
increase the resistance of the oxide layer to mechanical scouring
and improve the high-temperature stability of the oxide layer.
Insufficient carbide content prevents the formation of stable and
uniformly distributed (Ti,Zr,Hf)O, oxides on the STZHC-1/2
surface. Additionally, many pores and pinholes caused by
escaping CO and SiO gases can be observed on the surface [53]
(Figs. 9(a) and 9(b)).

The EDS images clearly reveal significant elemental segregation
in the oxides on the surfaces of STZHC-2 and STZHC-3
(Figs. 9(d) and 9(e)). The oxide particles are surrounded
predominantly by Ti, while the interior is Hf/Zr-rich. This

https://doi.org/10.26599/JAC.2025.9221151

behavior is related to the thermodynamic properties of the metal
in the UHTCs [54]. The preferentially oxidized components will
migrate and form a Zr, Hf-rich oxidized skeleton [55]. Moreover,
the laggingly oxidized elements evolve into Ti-rich oxides that fill
the skeleton [56]. Hence, it can be further inferred, combined with
the XRD results, that the white oxides are (Ti,Zr,Hf)O,, and the
filling phases include (Zr,Hf) TiO, and SiO,.

Moreover, many (Ti,Zr,Hf)O, nanograins appear in the liquid
SiO,/(Zr,Hf)TiO, phases (Figs. 9(b2) and 9(c2)). In previous work
[34], polymer-derived ceramics were shown to form a protective
oxide layer comprising glassy SiO, and nano-(Ti,Zr,Hf)O,. The
(T1,Zr,Hf)O, nanoparticles exhibit a pinning effect in adjusting the
viscosity of the glassy phases, further hindering the diffusion of
oxygen atoms and enhancing their ablation performance. TEM
analysis was performed to further clarify the microstructure and
composition of the nanosized oxides in STZHC-3 (Fig. 10). The
sizes of the large (Ti,Zr,Hf)O, grains range from 80 to 100 nm,
and the small (TiZr,Hf)O, grains range from 10 to 20 nm.
According to the EDS results (Fig. 10(d)), the white particles are
enriched with Ti, Zr, and Hf. Si and O are uniformly distributed
throughout the entire region. The interplanar spacing measured
from the HRTEM images in Fig. 10(b) is 0.2512 nm, which is in
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Fig.9 SEM images of central region of ablated STZHC samples: (a, al) STZHC-1, (b, b1, b2) STZHC-2, (c, c1, ¢2) STZHC-3; EDS mappings for Ti, Zr, Hf, Si, and O in

(d) STZHC-2 and (e) STZHC-3; (f) element contents of points 1-4 in (d, e).

accordance with the spacing of the (002) planes of (Ti,Zr,Hf)O,
with the space group P21/c. The interplanar spacing in Fig. 10(c)
is 0.2875 nm, which corresponds to the (111) planes of
(Ti,Zr,Hf)O,. Thus, the EDS and HRTEM results further
confirmed that both the larger and smaller nano-oxides are
(Ti,Zr,Hf)O,. The larger nanoparticles may be derived from the in
situ oxidation of (Tiy3,Zry3,Hf)36)Chanee Whereas the smaller
nanograins are precipitated because of molten evaporation during
the ablation process and subsequent cooling to room temperature
[57]. The smaller grains diffuse toward the larger nano-
(Ti,Zr,Hf)O, particles and participate in their growth [58].
According to percolation threshold theory [59], when the size of
the dispersed (Ti,Zr,Hf)O, is on the nanoscale, particularly less
than 50 nm, only a small number of nanophases (< 5 vol%) will be
enough to form a continuous network within the molten matrix,
facilitating the formation of a dense and stable oxide layer.
Therefore, the excellent ablation resistance of STZHC-3 is
attributed to the special structure of the oxide layer, which
comprises microscale (Ti,Zr,Hf)O, skeletons derived from
(Ti3,2Z13,Hf 36) Cinicro and liquid SiO,/(Zr,Hf)TiO, matrix phases
with uniformly dispersed (Ti,Zr,Hf)O, nanoparticles derived from
(TipZro3Hfy 36) Chane- The microscale (Ti,Zr,Hf)O, skeletons and
(T1,Zr,Hf)O, nanoparticles protected the liquid (Zr,Hf)TiO, and
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SiO, phases from being blown away by air-plasma, similar to
gravels of various sizes stabilizing shifting sands in the Gobi
Desert.

The surface morphologies of transitional and edge regions of
the ablated STZHC-1/2/3 composites are shown in Fig. S3 in the
ESM and Fig. 11. The aggregated (TiZr,Hf)O, particles and
SiO,/(Zr,Hf)TiO, demonstrated the occurrence of liquid sintering
(Fig. 11(a)). The surface of STZHC-3 is flat, and the distribution of
oxides is related to the path of the airflow, indicating that the
oxides can remain stable under high-velocity airflow (Fig. S3(c) in
the ESM). The enlarged image of the white oxides shows that the
oxide particles are tightly bonded to each other (Figs. 11(b) and
11(c)). Many nanoscale chain-like (TiZr,Hf)O, can also be
observed (Figs. 11(b1) and 11(c1)). The coexistence of micro- and
nano-oxides facilitates the formation of a more stable oxide layer,
which is consistent with their low linear ablation rates and
negative mass ablation rates. In general, the ablation edge region
has lower temperatures and weaker mechanical scouring.
Consequently, the oxide contents of the edge regions were
analyzed in combination with their microstructures, as shown in
Fig. 7, and their ablation rates. The positive ablation rates of
STZHC-1 indicate that the relatively dense oxide layer of the edge
region is related to the strong scouring of the oxides by the air

J Adv Ceram 2025, 14(10): 9221151
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(e) STZHC-2, (f) STZHC-3.

flow in the center region. The porous surfaces of STZHC-2/3
indicate that fewer oxides were blown to the edge regions and
further demonstrate that the micro- and nanosized high-melting-
point (Ti,Zr,Hf)O, oxides play a vital role in stabilizing the liquid
SiO,/(Zr,Hf)TiO, phases. Furthermore, Zhang et al. [35] have
reported that interdiffusion behavior can occur between
(Ti,Zr,Hf)O, and SiO, to form (TiZr,Hf),Si,0, glass in the
ablation transition region, reducing the evaporation of SiO, and
preventing the penetration of oxygen.

https://doi.org/10.26599/JAC.2025.9221151

The surface morphologies of the ablated SC-1/2/3 composites
were also investigated (Fig. 12 and Fig. $4 in the ESM). Compared
with the micro-nano composites in Fig. 9, agglomerated SiO, and
loose (Ti,Zr,Hf)O, can be observed on the surface of SC-1/2, and
unfilled pores are present on the surface of SC-3 (Figs. 12(a)-
12(c)). Owing to the absence of metal amides in the precursors,
the simple pure VHPCS does do not facilitate the formation of
high-viscosity ~ polymer-encapsulated  (Tiy3321033H;34) Crricro
powders; therefore, the (Tiy33Zrq335Hf) 34)Cpricro powders cannot be
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Fig. 12 Surface SEM images of ablated central region: (a) SC-1, (b) SC-2, and (c) SC-3; transitional region: (d) SC-1, (e) SC-2, and (f) SC-3; and edge region: (g) SC-1,

(h) SC-2,and (i) SC-3.

uniformly dispersed in the SiC (which is derived from VHPCS) in
the SC samples. Consequently, the oxidation of concentrated SiC
results in the formation of SiO, domains, which do not contain
metallic oxides. The SiO, domains can be easily blown away and
leave only loose (T1,Zr,Hf)O, in the central region (Figs. 12(a) and
12(b)). The transition and edge regions of SC-1 also exhibit a
considerable number of discrete white oxide particles (Figs. 12(d)
and 12(g)). However, they cannot form a protective layer, thereby
leading to exposure of the underlying matrix. SC-3 shows the best
ablation performance among the three microcomposites, but its
oxide layer is significantly less stable than that of STZHC-3.
Compared with those in STZHC-3, the (T1i,Zr,Hf)O, oxides at the
center of SC-3 aggregate into isolated island-like structures
rather than network-like structures because of the absence of
pinned (Ti,Zr,Hf)O, nanoparticles derived from (TiZr,Hf)C,,,,
(Fig. $4(c) in the ESM).

Both STZHC-3 and SC-3 contain approximately 83 wt%
(Ti,Zr,Hf)C, but their different micro-nano or micro-(Ti,Zr,Hf)C
structures lead to different ablation rates and microstructures. The
micro-nano (Tiy3,Zr,3,Hf)3)C phases are relatively uniformly
distributed, with SiC matrix phases in the as-sintered STZHC-3.
The substantial quantity of (Tiy3,2Zr3Hf36)Cpico powder serves
as the primary skeleton, with the polymer-derived
(Tiy3p2Z103,Hf 36)Crrano/SIC  phases uniformly spread out in the
interstitial space of the skeleton, similar to the multiscale gravels
with fine sands in the Gobi Desert model. The (Tiy3,Zr,3,Hf;36)
Chico powders subsequently formed a microscale (Ti,Zr,Hf)O,
network-like skeleton during the ablation process in the STZHC-3,
and the nano-(Ti,Zr,Hf)O, oxides derived from (Tiy3,Zr,3,Hf )
Chano throughout the liquid SiO,/(Zr,Hf)TiO, phase matrix
significantly improved the stability of the oxide layer.

However, there are clear (Ti,Zr,Hf)C-aggregated and SiC-
enriched zones in the as-sintered SC-3. Owing to the lack of
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polymer-derived (TiZr,Hf)C nanoparticles, it is unable to
generate in situ nano-(Ti,Zr,Hf)O, oxides during the ablation
process. Although ex situ nanosized (T1i,Zr,Hf)O, oxides can also
be observed on the surface of SC-3 (Figs. S4(j)-S4(1) in the ESM),
their formation mechanism determines their role in the ablation
process. The nanosized (Ti,Zr,Hf)O, oxides on the surface of SC-3
are supersaturated precipitates caused by melt evaporation during
the subsequent cooling process [57] and cannot enter the molten
oxides to stabilize them. Owing to the lack of pinning effect of the
(Ti,Zr,Hf)O, nanoparticles on the molten phases in SC-3, the
oxidized micro (Ti,Zr,Hf)O, will be subjected to high tensile stress
caused by mechanical erosion during the ablation process and will
not be able to form a continuous network-like skeleton, which
ultimately exists in the isolated island-like structures. The presence
of in situ (TiZrHf)O, nanoparticles (derived from
(Ti,Zr,Hf)C,,,,) can optimize the structure of the oxide layer,
which also demonstrates the superiority of the optimized Gobi
Desert structure (i.e., multisized gravels). The synergistic effect of a
high-content UHTC with micro-nano structures plays a crucial
role in improving the stability of the oxide layer and enhancing
the ablation resistance of the materials.

The cross-sectional morphologies of the ablated samples are
shown in Fig. 13. The oxide layer of the STZHC-1/2/3 micro-
nano composite ceramics is more complete than that of the SC-
1/2/3 microcomposites, and more white (Ti,Zr,Hf)O, oxides are
present on the ablated micro-nano composites. A large
penetrating crack appears between the oxide layer and the
substrate of STHZC-1, causing severe separation of the two parts.
The small thickness of the oxide layer is due to the spalling that
takes place by mechanical scouring during ablation (Fig. 13(a)).
This indicates that the deficiency of the (Ti,Zr,Hf)O, skeleton
(derived from (Tiy3,Zry3,Hf3)Ciricro) hinders the stability of the
oxide layer. As the (Ti,Zr,Hf)C content in STZHC-3 increases, a
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Fig. 13 Cross-sectional SEM images of ablated samples: (a) STZHC-1, (b) STZHC-2, (c) STZHC-3, (d) SC-1, (e) SC-2, and (f) SC-3.

high-strength network-like skeleton is formed with sufficient
(Ti,Zr,Hf)O, nanoparticles that protect the liquid SiO,/
(Zr, H)TiO, phases (Fig. 13(c)). This further stabilized the oxide
layer from being stripped by the high-velocity airflow. This is
consistent with the nonablative characteristics exhibited by
STZHC-3 in Fig. 8(b), with mass and linear ablation rates of —1.01
mg/s and —0.12 um/s, respectively, indicating that its mass and
thickness increase after the high-temperature ablation process.
However, in SC-3, a relatively high content of micro (Ti,Zr,Hf)O,
is aggregated in the form of an isolated island (Fig. 12(c)), which
could not effectively protect the liquid phase matrix during the
high-temperature air-plasma test (Fig. 13(f)). This also
corresponds to its positive mass and linear ablation rates
(0.21 mg/s and 0.32 um/s, Fig. 8(b)).

Accurately, the oxide layer in the STZHC-3 has a three-layered
structure as follows (Fig. 13(c)): layer 1: dense outer layer; layer 2:
dense Si-rich layer; and layer 3: Ti, Zr, Hf-rich inner layer. The
micro-(Ti,Zr,Hf)O, skeleton, nano-(TiZr,Hf)O,, and liquid
SiO,/(Zr,Hf)TiO, make up the dense outer layer (layer 1), which is

https://doi.org/10.26599/JAC.2025.9221151

associated with its Gobi Desert structure and can effectively avoid
the loss of liquid phases. The dense Si-rich layer may be related to
the active oxidation of the SiC matrix, with the generated SiO
further oxidizing when it escapes outward. This also highlights the
protective effect of the dense and stable outer layer 1 with low
oxygen permeability, which keeps the oxygen partial pressure in
the internal layer low [60]. Layer 2 also functions as a connecting
link between layers 1 and 3. It not only repairs the defects of outer
layer 1 but also impedes the inward penetration of oxygen atoms.
Layer 3 connects the Si-rich layer and the matrix to ensure the
stability of the oxide layer, which can be evidenced by its negative
ablation rates. In addition, layer 3 serves as a buffer layer to relieve
the thermal stresses caused by the thermal expansion mismatch
between the oxide and the matrix.

3.5 Mechanism of ablation resistance enhancement of

micro-nano composites

A schematic diagram of the ablation mechanisms of the
(T1,Zr,Hf)C/SiC micro-nano composites and micro composites is
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With the ablation time increases .22002C"

Fig. 14 Schematic diagram of formation process of oxide layer and ablation mechanisms of (a) (T1,Zr,Hf)C/SiC micro-nano composites and (b) (Ti,Zr,Hf)C/SiC micro
composites.

shown in Fig. 14. In the micro-nano composites (i.e., STZHC-3),
as the added (Tiy;Zr)3Hf3)Crico powders increase, they
gradually link together, forming a multiscale Gobi Desert-like
structure  with (Tl 3,21 3,Hf)34)Cpano/SIC  distributed among
interconnected (Ti3,Zr43Hf3)Cpico phases. During the initial
ablation stage, the (TiZr,Hf)C;,, particles undergo oxidation,
and their oxides slightly grow, forming microscale (Ti,Zr,Hf)O,
oxide clusters. Moreover, the nano-(Ti,Zr,Hf)O, oxides aggregate
and form chain-like structures between the micro-(Ti,Zr,Hf)O,
grains. As the ablation time increases, the micro-(Ti,Zr,Hf)O,
oxides continue to grow, while the aggregated nano-(Ti,Zr,Hf)O,
oxides also grow and connect with microsized oxides to form a
stable and network-like oxide framework (Fig. 14(a)). The Gobi
Desert-like micro-nano structure can be preserved in the oxide
layer due to the hereditary effects of the material structure in the
(Ti,Zr,Hf)C/SiC micro-nano composites. A stable and dense oxide
layer featuring a unique structure consisting of a highly stable
(Ti,Zr,Hf)O, oxide skeleton derived from (Ti,3,Zr3,Hf;36)Cricro
and uniformly dispersed nano-(Ti, Zr, Hf)O, particles in the
liquid SiO,/(Zr,Hf)TiO, phases derived from (Tijs,Zr,3,Hfs)
Cpano/SIC formed. (Ti,Zr,Hf)O, can enhance the resistance of the
oxide layer to mechanical scouring during ablation. In addition,
the homogeneously dispersed nano-(TiZr,Hf)O, particles
improved the viscosity of the liquid phase matrix by pinning
effects. The liquid phases hinder the transportation of oxygen,
further improving the oxidation and ablation resistance of the
micro-nano composites. The microscale (Ti,Zr,Hf)O, skeleton
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and (Ti,Zr,Hf)O, nanoparticles protected the liquid (Zr,Hf)TiO,
and SiO, phases from being blown away by air-plasma, similar to
gravels of various sizes, which stabilized shifting sands in the Gobi
Desert. The shifting sands filled the gaps between the gravels,
preventing further wind erosion of the multisized gravels and the
underlying substrate. This protective oxide layer shows great anti-
flame scouring, and thus, the micro-nano composites show great
ablation resistance with negative ablation rates (increased weight
and thickness).

However, in the microcomposites (i.e., SC-3), as the amount of
added powder gradually increased, aggregated (Ti,Zr,Hf)C ;.
carbides with nonuniformly distributed SiC phases formed. The
uneven (Ti,Zr,Hf)C, ., particles oxidize to form isolated island-
like micro-(Ti,Zr,Hf)O, oxides, which grow larger as the ablation
time increases. Owing to the lack of connected in situ nano-
(Ti,Zr,Hf)O, oxides, no stable network-like micro-(Ti,Zr,Hf)O,
oxide skeletons are formed during the high-temperature ablation
process (Fig. 14(b)). The oxide layer exhibited weak resistance to
mechanical scouring from the flame. Therefore, notable flame
scouring erosion and oxide loss can be observed, and the
microcomposite exhibits positive ablation rates (decreased weight
and thickness).

4 Conclusions

Inspired by the Gobi Desert’s wind-resistant gravel-stabilized sand
structure, (Ti,Zr,Hf)C/SiC micro-nano composites with varying
(Ti,Zr,Hf)C contents (70, 78, and 83 wt%) were synthesized by
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combining the PDC and SSR methods. The micro-nano
composites showed distinct grain sizes of approximately 1 um for
(Ti,Zr,H)C, e, and approximately 70 nm for (TiZr,Hf)C, .
while exhibiting nearly identical metal atomic ratios (Ti: Zr : Hf =
0.32 : 0.32 : 0.34) resulting from elemental interdiffusion during
heat treatment. The STZHC-3 and SC-3 composites with similar
high (TiZr,H)C contents exhibited enhanced ablation
performance at approximately 2200 °C, with mass and linear
ablation rates of —1.01 mg/s and —0.12 pm/s, 0.21 mg/s and
0.32 pmy/s, respectively. The negative ablation rates of STZHC-3
suggest the formation of highly stabilized and protective oxide
layers on its ablated surfaces. The oxide layers feature a unique
structure consisting of microscale (Ti,Zr,Hf)O, skeletons derived
from (Tiys,Zry3HE)3)Criee  liquid  SiO,/(Zr,Hf)TiO, phases
embedded with uniformly dispersed (Ti,Zr,Hf)O, nanoparticles
derived from  (Tiy3Zro3Hfy34)Chano/SIC.  The  microscale
(Ti,Zr,Hf)O, skeletons and (Ti,Zr,Hf)O, nanoparticles collectively
protected the liquid phases from being blown away by air-plasma,
similar to the wind resistance mechanism of multisized gravels in
the Gobi Desert that stabilize mobile sands. Therefore, the
synergistic effect of the micro-nano (Ti,Zr,Hf)C grains and their
Gobi Desert-like structure improved the composites’ ablation
resistance. Overall, the development of micro-nano composites
with high ablation resistance in this work provides critical insights
into the microstructure and property optimization of UHTC-
based composites and expands the design space for developing
high-performance ablative materials.
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