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Abstract. This review presents a comprehensive analysis of the impact of tantalum alloying on the structure, heat resistance,
and ablation resistance of ZrB,(HfB,)-SiC ultra-high-temperature composites. The influence of the primary phase content
on the effects on the structural and morphological features of the oxide layers and their protective efficiency is analyzed. It is
shown that alloying positively affects the composite's behavior by enhancing the viscosity and thermal stability of the glass
phase, decreasing anionic conductivity, partially stabilizing the ZrO,(HfO,) lattice, and forming temperature-resistant complex
oxides, such as Zr| Ta,O,, or Hf,Ta,0,, on the surface. It has been established that the alloying can have negative effects,
including an increase in the liquid phase content, oxide film discontinuity, ZrO,(HfO,) grain damage due to TaB, oxidation,
or a significant amount of gas release due to TaC oxidation, as well as the formation of oxygen diffusion channels during
the verticalization of Zr  Ta,O,, or Hf Ta,O . platelets. It is essential to note that the oxidation and ablation resistance, as well
as the mechanisms driving composite behavior, differ depending on the alloying compounds and test conditions. Overall, this
study sheds light on the role of tantalum alloying in enhancing the performance of ZrB,(HfB,)-SiC UHTC and highlights
the importance of understanding the underlying mechanisms that govern their behavior.

Keywords: ultrahigh-temperature ceramics (UHTC), heat resistance, oxidation, ablation resistance, oxide film, borosilicate glass,
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AHHOTaLlMﬂ. O630p TIOCBAIICH HU3YYCHHUIO COCTOsHHSA BOIIpOCA B 00JIaCTH BIIASTHHS JICTUPpOBaHUA COCAUHCHUAMHN TaHTalla Ha

IBOJIIOLIMIO CTPYKTYPBI, JKAPOCTONKOCTh M CTOMKOCTh K aOJSAILMU YIBTPABBICOKOTEMIICPATYPHBIX KOMIIO3HIMI Ha OCHOBE
cuctemsl ZrB,(HfB,)-SiC. IIpoananu3upoBaHO BIMAHUE COAEPKAHUA MEPBUYHBIX (a3 HA CTPYKTYpPHO-MOP(HOIOrHuecKue
0COOCHHOCTH 00Pa3YIOLINXCS OKCHIHBIX CJI0EB U (P ()EKTUBHOCTD MX 3aLIUTHOIO JeHCTBHSA. [I0Ka3aHO, YTO MOI0KUTEIBHBII
3¢ deKT OT JernpoBaHus MPEXK/e BCEro CBA3aH C YBEIMUCHUEM BSI3KOCTH M TEPMHUYECKON yCTOHUMBOCTH (hopMUpyIOIIeiics
cTekn0(haspl, CHIKEHHEM aHMOHHOH IPOBOIAMMOCTH, YaCTUYHOH cTabunusauuei pemerku ZrO,(HfO,) u obpasoannem
Ha MOBEPXHOCTH TEMIIEPATyPOYCTOHUMBBIX KOMIUIEKCHBIX okcuios tuna Zr, Ta,O,, win Hf Ta,O .. Ycranosneno, uro
OCHOBHBIMH NPUYHHAMH OTPHIATEIFHOTO BIHSHHS JICTUPOBAHUS SIBISFOTCS YBEIUYCHHE JOJH JKHAKON (ha3bl, CHIDKCHHE
CIUIOMIHOCTH CTPYKTYPbl OKCHAHOH IIEHKH B pesyabrare nospesxaeHus sepen ZrO,(HfO,) mpu oxucnenun TaB, wumu
00pa30oBaHus 3HAYUTEIBHOIO KOJIMYECTBa ra3oB npu okucieHnu TaC, a TakKe MOSBICHUE JOMOIHATEIBHBIX KaHAIOB UL
auddysun Kkuciopona npy BepTHKanu3auuu mwiockux dactun Zr,,Ta,0O,, wm Hf Ta,O,,. OTMedeHo, 4T0 XapaKTepUCTUKHU
CTOMKOCTH K OKHCJICHHIO M aOJSLHU, a TAKKC MEXaHH3MBbI, ONPE/AC/SIFOIINE TOBEICHHE KOMIIO3UIUM, HEOANHAKOBBI UL

Pa3HbIX JCTUPYIOIIUX Z[O6aBOK u ch'IOBI/Iﬁ HUCTIBITAaHUM.

KnioueBbie cnoBa: ynsrpaBbicokoTeMneparypHas kepamuka (YBTK), sxapocToHKOCTh, OKHCIICHHE, CTOHKOCTD K aOJISAINH, OKCHJI-
Has IIIeHKa, OOPOCHINKATHOE CTEKII0, TAHTAN, MOAN(HUIINPOBAHNE
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Introduction

Ultra-high-temperature ceramics (UHTC) and
composites have been intensively studied as materials
suitable for operating under extreme conditions [1-6].
Searching for effective compositions that ensure
the operability of products made of them is an urgent
problem of modern materials science. Zirconium and
hafnium UHTCs have excellent thermomechanical
properties, high melting points, and good oxidation
resistance when alloyed with SiC. They can operate
under extreme temperatures (>2000 °C) and in mona-
tomic-oxygen-rich environments [4; 5]. The heteroge-
neous structure with a refractory crystal oxide matrix
and viscous borosilicate glass make this materials
extremely heat resistant. Many studies have found
that such a structure efficiently withstands the exposure
to high-speed, high-enthalpy flows so such materials

are the mainstream now [7].

However, work on the modification of ZrB,(HfB,)—
—SiC UHTCs is ongoing and there are several reasons
for this. In the crystal lattice of refractory ZrO, or HfO,
oxides during oxidation under conditions of oxygen’s
low partial pressure, as well as when modified with
lower valence cations (for example, Y3*, La’"), oxygen
vacancies are formed, providing rapid anion transfer
through the oxide film [8]. Another problem is ZrO, and
HfO, polymorphism: at high temperatures, the oxides

have a tetragonal or cubic lattice, which transforms
into a monoclinic lattice upon cooling, leading to volu-
metric expansion. This phase transformation, com-
bined with the high coefficient of thermal expansion
and low thermal conductivity of the oxides can easily
lead to cracking and delamination, especially under
thermal cycling loads [8].

To solve this problems, the oxide film can be alloyed
with higher valence cations, such as Ta’* or Nb°*. It
results in an excess of anions in the lattice and increases
film adhesion due to phase stabilization. In addition,
the immiscibility of Ta,O, or Nb,O, oxides and boro-
silicate glass causes phase separation in the surface
layer [8], which contributes to the higher viscosity
and thermal stability of the glass. Alloying with tanta-
lum is preferable, since the partial pressures of vapors
over Ta,O; are significantly lower when compared
to Nb,O; at high and ultra-high temperatures. Tantalum
can be added in the form of a pure element, boride, sili-
cide, or carbide. Some properties of these substances
are listed in Table 1.

This review aims to analyze the available studies
of tantalum alloying effects on the structure and beha-
vior of materials based on ZrB,(HfB,)-SiC in the oxi-
dizing atmosphere, as well as to identify the mecha-
nisms of their impact on the oxidation and ablation
resistance. We considered various types of materials:
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Table 1. Ta composition properties [9—14]
Ta6nunya 1. CBolicTBa Ta-conep:xamux coexuneHuii [9—14]

Property Ta TaB, TaB TaSi, Ta,Si, TaC
Density, g/cm? 16.40-16.65 | 11.20-12.62 | 14.00-14.29 | 8.80-9.14 | 12.50-13.06 | 14.30-14.80
Melting point, °C 29963020 | 3037-3200 | 2040-3090 | 2040-2299 | 2499-2550 | 3800-3880
Thermal expansion
coefficient, 10-/K 6.3-6.6 8.2-8.8 - 7.4-8.5 - 6.64-8.4
Specific heat capacity, J/(kg-K) 140.00 237.55 246.85 - - 190.00
Thermal conductivity, W/(m-K) 57.5 10.9-16.0 - 37.0 — 22.2

bulk UHTC, heat-resistant UHTC coatings on graph-
ite and carbon-carbon composites, and carbon-ceramic
composites with a UHTC matrix.

1. Bulk tantalum-alloyed
ZrB,(HfB,)-SiC
ultrahigh-temperature
ceramics

In oxidizing environments, the structure of zirco-
nium and hafnium diboride UHTCs alloyed with SiC
becomes layered, including a continuous glass layer,
a sublayer of the ZrO, and HfO, refractory oxides
containing heat-resistant particles ZrSiO, and HfSiO,,
respectively, a layer of ZrB, and HfB, depleted
in SiC, and a layer of unreacted ceramic [15-17].
Temperatures above the silicon dioxide melting point
(1723 °C [18]) intensify the evaporation and mechani-
cal removal of the glass by the high-speed flows [19],
so the purpose of alloying with tantalum compounds is
mostly connected with an increase in the UHTC oxida-
tion and ablation resistance. Most studies do confirm
the positive effects of Ta alloying. However, the results
are inconsistent and are highly dependent on the test
conditions.

1.1. Tantalum borides effects
on ZrBz—SiC structure
and oxidation resistance

The Ta—B system has five intermediate phases:
TaB,, Ta,B,, TaB, Ta,B, and Ta,B. Only TaB and
TaB, are stable in the room temperature to melting
point range [14] and can be used as UHTC alloying
components. Talmy I. et al. [20] reported that alloy-
ing the ZrB,~SiC ceramics with tantalum diboride

(10 mol. %) significantly increases its oxidation resis-
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tance at 1300 °C. The oxide film on the TaB, contain-
ing samples was less than a half of that on the refe-
rence UHTC samples. It was also found that adding
even 2 mol. % TaB, results in a significant oxidation
resistance growth when the sample is heated in a fur-
nace at = 1200+1400 °C for 2 h. The morphology
of the resulting heterogeneous surface layer indi-
cates the spinodal decomposition of the SiO,~Ta,Oq
phases [20]. However, at t = 1500 °C no pronounced
positive effect of TaB, additions on the ZrB,-SiC
heat resistance was observed. This may be associated
with exceeding the miscibility limit of the multicom-
ponent SiO,~Ta,0.~ZrO, oxide system.

Lee S. et al. [15] studied the effects of adding tan-
talum to the ZrB,—SiC system and the oxidation resis-
tance of the (Zr,Ta,,)B, ceramic composite contain-
ing 30 vol. % SiC at temperatures up to 1500 °C and
low partial oxygen pressure (~1078 Pa). The weight
gain of the Ta-containing samples, mostly attributed
to the oxidation of ZrB, and TaB, to ZrO, and Ta,O,
occurs starting at 1000 °C, which is above the oxida-
tion start temperature in UHTCs without Ta (800 °C).
Lee S. et al. attributed the higher oxidation resistance
in the material alloyed with TaB, over the entire temper-
ature range primarily to the formation of a less porous
oxide sublayer under the SiO,-containing film. This
was explained by the high viscosity of the liquid phase
in the Si0,-Ta,O system which is less susceptible
to upwelling to the amorphous surface layer [15; 21].
Also, they observed a decrease in the (Zr, ,Ta ,)B, par-
ticle size, higher modulus of elasticity, hardness, and
fracture toughness of the UHTC.

Peng F. et al. [22] studied the oxidation resistance
of ZrB,-B,C-SiC-TaB, containing B,C as a sinter-
ing additive [21] in the 1200+1500 °C temperature
range. Increasing the TaB, concentration from 3.32
to 16.61 mol. % results in slightly better heat resis-
tance at = 1200 and 1400 °C. At = 1500 °C, small
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(3.32 mol. %) amounts of TaB, also improve the oxi-
dation resistance [22]. Alloying with TaB, reduces
the thickness of the oxide sublayers, but has no signifi-
cant effect on the thickness of the amorphous surface
layer. The researchers explained the higher heat resis-
tance by the better sealing of oxide sublayers as their
microstructure branches, since dispersed TaC particles
are formed (it is a thermodynamically possible product
of TaB, and SiC oxidation) [22] and also due to a larger
surface wetted by the liquid phase. This contributes
to reduced upwelling of the glass phase into the surface
layer [23]. The higher TaB, concentration decreases
the oxidation resistance at = 1500 °C (and acceler-
ates the weight gain after 60 and 120 min for 16.61 and
13.29 mol. % TaB, concentrations, respectively) [22],
due to easier dissolution and deposition of zirconium
dioxide in the glass surface layer [20].

The oxidation of ZrB,-B,C-SiC-TaB,
taining 3.32 mol. % TaB, was also studied in the
1500-1900 °C temperature range [23]. The samples
after oxidation feature thinner oxide passivation layers
compared to TaB -free samples, and have a high oxida-
tion resistance.

con-

The effect of TaB monoboride on the oxida-
tion of ZrB,-SiC UHTC was also investigated
att = 1800 °C [24]. Ta adding greatly influences oxida-
tion resistance, due to the evolution of the oxide film
structure and the oxygen transport pathway during
exposure. However, the effect on the UHTC oxidation
resistance is significantly different from that at lower
temperatures. For instance, ceramics alloyed with TaB
show the lowest heat resistance at £ = 1800 °C among
CrB,, HfB, and TaB alloying compounds [24].

1.2. Structure
and oxidation resistance
of ZrB,(HfB,)-SiC
with tantalum carbides
additions

Tantalum carbide has one of the highest melting
pointsand canalsobeusedasanadditive[25], thusincreas-
ing the oxidation resistance of ZrB,-SiC and HfB,-SiC
ceramic materials. However, Opila E. et al. [26] disco-
vered that adding 20 vol. % TaC to ZrB,~SiC does not
increase the heat resistance. The TaC-containing samp-
les at 1= 1627 °C form a non-gastight film, presumably

due to the porous microstructure formed by the CO
and/or CO, release during oxidation.

The oxidation patterns of ZrB,-SiC-TaC sam-
ples with different TaC contents (10 and 30 vol. %)
in the ¢#=1200+1500 °C temperature range indi-
cate [27] that low TaC concentrations accelerate
the oxidation, when compared to ZrB,~SiC (the oxi-
dation rate at = 1500 °C increases 8-fold). Still, high
TaC concentrations significantly improve the resistance
to oxidation in air. For example, a sample containing
30 vol. % TaC showed an oxidation rate half as high as
that of the initial ceramics under the same conditions.
The surface of oxidized UHTCs containing TaC fea-
tures multilayer oxide films including [27]:

1) a thin top layer of silicon dioxide;

2) a layer containing a mixture of the ZrO,-SiO,—
~Ta,0, (10 vol. % TaC) and ZrO,-Si0,-ZrSiO,
(30 vol. % TaC) phases;

3) a layer with a high Ta,O, content.

It should be noted that these layers are porous
in UHTCs with low TaC concentrations (in contrast
to the samples with high TaC concentrations, where all
the three oxide layers are very dense), and the oxide
film thickness after oxidation at = 1500 °C for 10 h is
850 um (vs. 140 pm for ZrB,-SiC-30 vol. % TaC and
440 um for ZrB,-SiC).

Re-oxidation of the same samples at = 1500 °C
showed that the oxidation may be caused not only by
the inward diffusion of oxygen. For instance, cations
diffusing from ceramics into the oxides, according
to Wang Y. et al. [27] are also initially involved in mass
transfer. The oxidation of ZrB,-SiC-10 vol. % TaC is
governed by the outward diffusion of tantalum result-
ing in the rapid formation of a porous structure, while
the oxidation of ZrB,-SiC-30 vol. % TaC is governed
by the outward diffusion of silicon resulting in the for-
mation of a dense SiO, layer and a significant share
of the ZrSiO, heat-resistant phase.

The ZrB,-20 vol. % SiC material with 5 vol. % TaC
[28] also has a multilayer structure after oxidation
at = 1400 °C. The four layers that reacted with oxy-
gen were observed:

1) a thin top layer of silicon dioxide containing
Ta,Oy;

2) a layer containing the ZrO,, ZrSiO, and SiO,
phases;
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3) a layer enriched in ZrO, and depleted in SiC;
4) a ZrB,-depleted layer containing SiO, and Ta,O;.

The oxide film on a similar material oxidized
at t=1700 °C contains the ZrO,, Ta,O;, SiO, and
ZrSiO, phases [28]. It follows that all the UHTC com-
ponents including the initial ZrB,, SiC and TaC, as
well as the in situ formed ZrC and TaSi, phases, are
oxidized under a high-temperature exposure.

Simonenko E. et al. [29] proposed adding the
Ta,HfC, complex carbide to HfB,-SiC (5, 10,
15 vol. %), in order to prevent the HfB, grain growth,
which improves the mechanical properties of the cera-
mics (note Ta,HfC; is a nanodisperse phase). The ther-
mogravimetric analysis of the ceramics samples when
heated in air flow to 1400 °C showed that the increase
of Ta,HfC, content leads to the increase of the sample
weight gain due to oxidation. The materials are more sen-
sitive to oxygen than HfB,-SiC, that can be explained
by the high reactivity of the Ta,HfC, ultra-heat-resis-
tant nanocrystalline carbides and significant porosity.
The microstructure of the oxidized sample surface
depends on the Ta,HfC, content. The UHTC containing
15 vol. % of the complex carbide is most noticeable:
the silicon monoxide fibers on the borosilicate glass
surface are self-organized into regular, hierarchical
3D nanostructures.

Simonenko E. et al. [30] exposed HfB,~30 vol. % SiC-
—10 vol. % Ta,HfC, to a high-enthalpy air jet for
2000 s under conditions of a gradual increase
in the plasm generator anode power from 30 to 70 kW,
and the heat flux from 363 to 779 W/cm?. A distinc-
tive feature of the ceramics under heating is a decrease
of the surface radiative equilibrium temperature relative
to the HfB,~30 vol. % SiC reference material under
identical test conditions. As the authors proposed, it
is associated with the higher thermal conductivity
of the ceramics alloyed with the Ta,HfC, nanodisperse
carbide. The tantalum oxide formed by Ta,HfC; oxi-
dation is a part of the silicate glass [30] and involved
in the creation of the Hf Ta,O,, orthorhombic complex
oxide which has phase stability up to the peritectic
transformation point at ¢ ~2250 °C [31]. The lower
evaporation rate from the glassy layer surface is attri-
buted to the lower surface temperature and lower vapor
pressure over the SiO,~Ta,O, melt (the total vapor
pressure at ¢= 1827 °C over SiO, (mostly SiO) and
Ta,0, (TaO, and TaO) is 9.48-10° and 7-1077 atm,
respectively [30]). As the surface temperature reached
1750+1850 °C, even for the max heat flux, no “tem-
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perature jump” characteristic HfB,(ZrB,)-SiC [32]
was observed.

1.3. Effects of tantalum silicides
on ZrB,(HfB,)-SiC structure
and oxidation resistance

Tantalum silicides are highly refractory (the melt-
ing point exceeds 2000 °C [9; 11]), can be used as
sintering additives [33-35] and an additional source
of silicon [36; 37], in order to facilitate the formation
of protective silicate glass layers of the UHTC surface.
PengF. etal. [21] reported that adding 6.6 mol. % TaSi,
to ZrB,-B,C-SiC resulted in higher oxidation resis-
tance in the 1200+1400 °C temperature range compared
with TaB,. The reason is that the formation of a protec-
tive surface glass layer with phase separation is facili-
tated by both Ta and extra Si, the oxidation of which
increases the amount of the liquid phase and changes
its composition. However, at £ = 1500 °C the tantalum
disilicide produces an opposite effect: TaSi concen-
tration increase above 3.32 mol. % results in lower
heat resistance, although the decrease is not as signifi-
cant as the one caused by the TaB, content increase.
Nevertheless, at low concentrations (3.3 mol. %) TaB,
is more efficient compared to TaSi, at 7 = 1500 °C [22],
and the lowest weight gain was observed in a mixture
of TaB, and TaSi, (3.4 and 3.3 mol. %, respectively)
over the entire temperature range [21].

The addition of TaSi, significantly improved the rela-
tive density, thermal shock resistance, and antioxidant
properties of ZrB,-SiC at =1000+1600 °C [38].
The specific gravity variation over the entire thermal
shock temperature range for the TaSi,-containing samp-
les was significantly less than that of the original samp-
les: at #=1600 °C the weight of ZrB,—5 wt. % SiC—
—15 wt. % TaSi, changed by 0.68 %, whereas the weight
of ZrB,-5 wt. % SiC, by 1.6 %. The weight variation
decreases as the TaSi, content increases [38].

Opila E. et al. [39] discovered that adding 5 vol. %
TaSi, to ZrB,~20 vol. % SiC was not sufficient to induce
phase separation in the glass and improve the oxi-
dation resistance in stagnant air at 1= 1627 °C. On
the other hand, the composition containing 20 vol. %
TaSi, has better oxidation resistance compared
to the original material. The oxide film thickness on the
ZrB,-20 vol. % SiC-20 vol. % TaSi, sample decreased
about 10-fold when compared to the reference ceramics,
and the surface appearance indicated the immiscibility
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of the glass phases [8; 26]. Under more extreme condi-
tions (holding for 50 min in stagnant air at ¢ = 1927 °C),
the ceramics containing 20 vol. % TaSi, showed lower
heat resistance compared to the non-alloyed material,
as a result of forming a significant amount of the liquid
phase [26]. Attempts to reduce its amount by reduc-
ing the TaSi, content to 5 vol. % were unsuccess-
ful. The amount of liquid phase dropped compared
to ZrB,-20 vol. % SiC-20 vol. % TaSi,, but its share
was still substantial [39]. The TaSi, applications
at £ =1927 °C are limited for several reasons:

1) TaSi, is unstable in the matrix with respect
to ZrB,;

2) TaSi, oxidizes intensively in the presence of SiC
producing TaC and gaseous SiO which makes gaps
in the substrate;

3) During the oxidation, 1.3 at. % or less of tanta-
lum dissolves in ZrO,, i.e. in situ alloying of zirconium
dioxide to reduce the rate of oxygen transfer through it
is limited;

4) The oxidation forms oxiboride, silicate, and zir-
conate phases, which leads to the formation of a large
amount of liquid phase, and poor oxidation resistance.

Julian-Jankowiak A. et al. [40] also observed
an increase of the ZrB,-20 vol. % SiC-20 vol. % TaSi,
oxidation resistance to 1900 °C and its decrease
at higher temperatures (the heat resistance was studied
at = 1200+2300 °C in air and water vapor).

With regard to hafnium diboride-based ceramics,
the oxidation resistance of HfB,-20 vol. % SiC in air
at t=1627 °C deteriorated after adding 20 vol. %
TaSi, [26]. Monteverde F. et al. [35] obtained similar
results for HfB,-30 vol. % SiC-2 vol. % TaSi, pro-
duced by hot pressing (HP) and spark plasma sintering
(SPS): the material heat resistance in air deteriorated
in the # = 1450+1650 °C range compared to TaSi,-free
materials. The microstructure of the oxidized samples
was characterized by the presence of a layered oxide
film, which thickness increased with temperature [35].

1.4. Metallic tantalum use
to control ZrB,-SiC structure
and oxidation resistance

Tantalum in the form of a metal additive is also
of interest, since it can be used to reduce sintering
temperature, increase density, and improve the machi-

nability, mechanical, and thermal properties of ZrB,—
SiC [41-43]. Thimmappa S. et al. [44; 45] showed
that ZrB,~20 vol. % SiC (2.5-10.0) wt. % Ta contains
ZrB, cores in (Zr, Ta)B, shells, and also contains SiC,
ZrO, and (Zr, Ta)C phases at the interfaces between
the ZrB, grains. It was shown that tantalum dissolves
in the ZrB, matrix, thus building a shell from the solid
solution phase [41]. Hu C. et al. [33], Silvestroni L.
et al. [37] and Yang Y. et al. [46] observed similar
structures. The alloying with tantalum has a positive
effect on the heat resistance of ZrB,-20 vol. % SiC
samples [44]. As the Ta content increases, the specific
gravity and thickness of the oxide layer after isothermal
oxidation at ¢t = 1500 °C for 10 h in the air decreases
from 22.91 to 18.77 mg/cm? and from 401 to 195 um,
respectively. Thimmappa S. et al. [45] observed a simi-
lar trend at £ = 1600 °C (refer to Table 2).

The cross-section microstructure of the ZrB,-
—SiC-Ta samples oxidized at = 1500 and 1600 °C
consists of three layers:

1) a thick, dense outer SiO, layer;
2) an intermediate ZrO, sublayer;
3) a ZrB, layer, depleted in SiC.

After oxidation, the material contains the ZrO,,
Zr, . TaO, crystalline phases, and the SiO, amorphous
silica [44; 45]. The Zr, .,
modynamically feasible at = 1500 °C, and the phase
content increases with the Ta concentration resulting
in a higher viscosity of the glass phase and higher
oxidation resistance [45]. As the Ta content increases,
the thickness of the SiC-depleted layer decreases, and
this can be attributed to the effects of the SiO,-based,

tantalum-modified top passivation layer [45].

TaOg phase formation is ther-

It is assumed that the SiC-depleted layer reduces
the overall oxidation resistance of ZrB, ceramic
materials. However, no defects were found on
of  ZrB,-20 vol. % SiC-10 wt. % Ta
with a SiC-depleted layer formed by isothermal oxi-
dation at r=1600°C for 10h in air. The UHTC

showed comparable weight gain, and a significantly

the surface

lower oxygen penetration depth (255 vs. 476 um)
than  ZrB,-20 vol. % SiC-10 vol. % Si,N,
such a layer [41]. In general, ZrB,~SiC-Ta ceramics

without

have favorable strength at elevated temperatures [45]
and heat resistance due to the protective nature
of the formed oxide film. These UHTCs are suitable
for high-temperature applications [41].
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Table 2. Oxidation resistance of ZrB,(HfB,)-SiC alloyed with Ta and Ta compounds

Tabnuya 2. XapaKTepUCTHKH OKUCIUTEIbHON CTOHKOCTH KepaMuK Ha ocHose ZrB,(HfB,)-SiC,
MOAU(PULIHPOBAHHBIX TAHTAJIOM U €ro coeJHHeHUsIMH

Oxidation properties Phase Weicht
Composition, Manufacturing . composition | Reaction layer & Refe-
Time .. : change,
vol. % process t.°C | Test conditions after thickness, pm 5 rence
2 min . mg/cm’
oxidation
2tB,-20SiC+ | SPS(1900°C, | 1500 | | Fumace, | SiO,, Zt0,, 401 2291 [44]
2.5 wt. % Ta 50 MPa, 3 min) | 1600 stagnant air Zr, ,TaOy 320 21.04 [45]
Z1B,-5.6B,C~ Sintering
27.9SiC + (2000 °C, Ar, ~9 ~7.9
3.3 mol. % TaSi ; -
2 1 h) ) 1500 240 TGA, air m,0-Z10,, [22]
ZrB2—5.6B4C— HIP (1800 C, (0.1 l/mm) TaC
27.9SiC + 207 MPa, ~24 ~5.7
3.3 mol. % TaB, 30 min)
Sintering 1600 75 ~166 ~5.9
zBseB,c- | GIOCGAR g T g . ~395 ~6.8
27 9SiC + 1 h) TGA, air Zr Ta, B,, [23]
23 ol op ap. | HIP(1800°C, | 1800 | 85 (0.1 Vmin) | ZrC(traces) ~416 ~11
' A 207 MPa,
30 min) 1900 | 85 - ~15
. HP (2100 °C,
— +
2B, 2581C 20MPa, | 1400 | 120 s - - ~4.6 [20]
5 mol. % TaB . stagnant air
2 30 min)
i HP (1850 °C, Si0,, Ta,0,,
?;];’é 208iC 40 MPa, 1400 | 600 stl; u{ﬁi‘t’e;ir 710,, ~65 - [28]
60 min) & Z1Si0,
ZrB,~20SiC + SPS (1900 °C, | 15001 Fumace, | SiO,, Z1O,, 384 19.15 [44]
Swt. % Ta 50 MPa, 3 min) | 1600 stagnant air Zr, . TaO, 303 17.45 [45]
Bottom-
ZrB.,—20SiC— HP (1750 °C loading
2 > . _ ~
STaSi, 69 MPa, 2 h) 1627 | 100 furnace, m,c-Zr0, 5.1 [39]
stagnant air
ZrB,-5.6B,C- Sintering
27.9S1C + (2000 °C, Ar, ZrB,~ ~25 ~2.6
6.6 mol. % TaB, I'h) TGA. air TaB,(ss),
o | 1460 0 - »C 710, [21]
ZI‘B2—5.6B4C— HIP (1800 C, (0‘1 l/mln) TaC, TaO
28SiC + 207 MPa, (crem) - ~1.0
6.7 mol. % TaSi, 30 min)
ZrB.-5.6B,C—
2 4 _
27.98iC + ’”’OTféOZ’ ~42 ~132
6.7 mol. % TaB,
ZrB,-5.6B,C— Sintering m,o0-210,,
27.9SiC + (2000 °C, Ar, TaC, ZrB ~10.7 ~8.1
6.7 mol. % TaSi ; TaB,(ss)
2 I 1 is00 | 240 TGA, air 2 [22]
ZTB2—5.6B4C— HIP (1800 C, (0.1 l/mln) 7:0
27.9SiC + 207 MPa, m’OT'aC 2 ~45 ~17.5
10 mol. % TaB, 30 min)
ZrB,-5.6B,C- m,o0-210,,
27.9SiC + TaC, ZrB,- ~13 ~10
10 mol. % TaSi, TaB,(ss)
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Table 2. Oxidation resistance of ZrB,(HfB,)-SiC alloyed with Ta and Ta compounds (Continuation)

Tabnuya 2. XapakTepUCTHKH OKUCIUTEILHON CTOHKOCTH KepaMuK Ha ocHose ZrB,(HfB,)-SiC,
MOAU(UIHPOBAHHBIX TAHTAJIOM U €0 COeMHEHUSIMH (1POOOIdHCEHUE)

Oxidation properties Phase .
. . .. . Weight
Composition, Manufacturing . composition | Reaction layer chane Refe-
vol. % process t,°C Tlme, Test conditions after thickness, pum m /cfr;ng rence
min oxidation &
. HP (2100 °C TGA, Ar/O
_ + > g 2
D 0MPa, | 1400 300 | misure | PO ~50 - [20]
S 30 min) (125 cm*/min) 275778
ZrB.,-20SiC + SPS (1900 °C Furnace SiO,, ZrO
2 ’ > 29 29
10 wt. % Ta 50 MPa, 3 min) 1500 | 600 stagnant air Zr, , TaO, 193 18.77 [44]
Furnace,
ZrB,-20SiC HP (1800 °C heating/
2 - ’ ing: -
10TaC 28 MPa, 1 h) 1500 | 600 chczzztr;i.l:A;r Zr0,, Ta,0, 850 58 [27]
(10 ml/min)
ZrB,—20SiC + SPS (1900 °C Furnace Si0,, ZrO
2 s fl 29 29 .
10 wt. % Ta 50 MPa, 3 min) 1600 | 600 stagnant air Zr, ,TaO, 253 16.65 [41:43]
Bottom-
ZrB,—20SiC— HP (2000 °C loading
2 > _ _ ~
10TaB 30 MPa, 1 h) 1800 60 furnace, 68 [24]
stagnant air
Z1B,-5.6B,C~ ZiB,-
27.9SiC + 1460 - TaB,(ss), - ~0.9 [21]
13.3 mol. % TaB, Sintering Zr0,, TaC
(2000 °C, Ar,
ZtB,3.68,C- 1'h) TGA, air
27.9SiC + R > ~67 ~23.1
133 mol. % Tap. | HIP (1800°C, (0.1 1/min)
e — 2 207MPa, | 1500 | 240 m,0-Z10,, [22]
ZrB,-5.6B,C— 30 min) TaC, TaB,
27.9SiC + ~12.5 ~11.6
13.3 mol. % TaSi,
e SPS (1700 °C, ZrB,, Zr0,,
ﬁth 55‘%;. 50 MPa, | 1600 | - Themtl:; tShOCk Zr-Ta-B, - 0.68% [38]
W70 T8 10 min) Zt-Ta-O
Bottom-
ZrB,-20SiC— HP (2000 °C loading
2 > - _ ~
20TaC 69 MPa, 2 h) 1627 100 furnace, t,m-Z10, 21 [26]
stagnant air
Bottom-
ZrB,—20SiC— HP (1600 °C loading m,c-Zr0
2 ’ 2> _ - .
20TaSi, 69 MPa, 2 h) 1627 100 furnace, SiO, 0.8 [8; 26]
stagnant air
60 Furnace, CO - 10.1£1.2 -
(Zt Ta )B.- HP (1800 °C, and 2000 ppm
08 W E e Ar,32 MPa, | 1500 | 600 | CO,mixture - 72.3+2.8 - [15]
1 2h) (~1078 Pa)
300 TGA, air - - ~0.3
Furnace,
. o heating/ ZrSi0,,
?é%‘cz()s‘c‘ 1223 15415201 1(1:) 1500 | 600 | cooling: Ar, Ta,0,, 140 ~13 [27]
’ oxidation: air | ZrO,, SiO,
(10 ml/min)
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Table 2. Oxidation resistance of ZrB,(HfB,)-SiC alloyed with Ta and Ta compounds (Completion)

Tabnuya 2. XapakTepUCTHKH OKUCIUTEILHON CTOHKOCTH KepaMuK Ha ocHose ZrB,(HfB,)-SiC,

MOZIH(l)HIIP[pOBaHHBIX TAHTAJOM H €ro COCIUMHCHUAMU (OKOHU(ZHue)

Oxidation properties Phase Weight
Composition, Manufacturing i composition | Reaction layer chang . Refe-
vol. % process t,°C Tm:ne, Thest: @arna e after thickness, pm & 3 rence
i oxidation mg/em
TGA,
1450 | 1200 dry ai - 4.1
HP (1900 °C, (15 crr}l;jjlr;in)
42 MPa,
35 min) 1500 50 Furnace, - 0.79
HfB,-30SiC- 1650 stagnant air - - 6.27
. [35]
ZTaSI2 TGA
1450 | 1200 dry air - — 33
SPS (2100 °C, (15 cm’/min)
30 MPa, 3 min)
1500 " Furnace, - - 0.94
1650 stagnant air _ 285
(HfB,-30SiC)—
T Hife 1400 | - DSCTGA, | ho., - 2.10%
4Hs air HfB 2 [29]
1400 _ (250 ml/min) 2 _ 2.96 %
. HP + reaction
(HfB273fOSIC)7 (1800 °C, 779 Plasma 1.0-Ta.O
10Ta,HfC, Ar,30 MPa, | W/ | 333 | generator,air | .. az o - 5.9% [30]
30 min) cm? (3.6 g/s) 6772717
(HfB,-30SiC)- DSCTGA, 1 o, .
15Ta HfC 1400 - air HfB. Ta.O - 327 % [29]
s (250 ml/min) r TS
Bottom-
HfB,—20SiC— HP (1700 °C loading m,c-HfO
P s 2° _ ~
20TaSi, 69 MPa, 2 h) 1627 100 furnace, HfSiO, 25 [26]
stagnant air

Abbreviations: (ss) — solid solution; HIP — hot isostatic pressing; TGA — thermogravimetric analysis; DSC — differential

scanning calorimetry.

2. Heat-resistant coatings
on graphite and C/C composites
based on ZrB,(HfB,)-SiC
alloyed with tantalum
compounds

An alternative approach is applying UHTC coatings
to heat-resistant, carbon-containing composites, and
graphite [47-50]. In order to protect carbon-containing

materials from oxidation, ceramic coatings should have
the following properties [11; 51; 52]:

1) heat resistance in a wide temperature range;

2) high adhesion, and compatibility with the sub-
strate;

22

3) coating continuity and oxide film gas tightness
for erosion resistance and limiting oxygen diffusion
to the substrate;

4) self-healing of the coating defects;

5) high manufacturability, process consistency, con-
trolled coating thickness, and coating repairability.

Multilayer ceramic coatings with transition metal
diborides and silicon carbide are effective for increas-
ing the oxidation resistance of carbon-containing com-
posites by preventing oxygen penetration to the sub-
strate. They form a silicate glass layer on the surface,
and a sublayer based on refractory oxides [53; 54].
However, the protective properties of such coatings
are very limited: 265 and 550 h for C/C composi-
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tes with HfB,—SiC/SiC and ZrB,-SiC/SiC coatings
at t = 1500 °C, respectively.

In real-life applications, the coatings should main-
tain the long-term performance of the carbon mate-
rial in oxidizing environments in a wide temperature
range, under static and dynamic loads. Therefore,
an extremely important is the creation of ultra-high-
temperature, durable protective coatings highly resistant
to oxidation and erosion. It was proposed that tantalum
be added to ZrB,(HfB,)-SiC compositions, in order
to obtain multiphase coatings with good heat and abla-
tion resistance due to the synergistic effect of the two
cationic compounds exposed to a high-temperature,
oxygen-containing environment [54].

2.1. Tantalum boride-alloyed
ZrB,(HfB,)-SiC coatings

The addition of UHTC borides to SiC-based coa-
tings expands the operating temperature range and
improves antioxidation properties by increasing
the glassy surface layer viscosity and reducing crack
formation. Furthermore, B,0, formed during oxidation
can heal coating defects and improve resistance to low-
temperature oxidation [55-57]. To protect graphite
from oxidation, Jiang Y. et al. [56] applied a single-
layer, multi-phase (Zr, Ta)B,-SiC-Si coating, demonst-
rating oxidation resistance for 468 h at 1000 °C and for
347 h at 1500 °C. The coating structure after oxidation
includes two layers: external Zr—Ta—Si—O (glass), and
internal (Zr, Ta)B,~SiC-Si. The continuous oxide film
on the surface has low oxygen permeability and effec-

tively reduces the coating oxidation rate [56].

The Ta, Zr, .B,~Si-SiC dense, single-layer multi-
phase ceramic coating protects graphite from oxida-
tion at 1650 °C for at least 70 h due to the synergistic
effect of the heterogeneous oxide layer formed dur-
ing oxidation and the dense inner coating [55]. Also,
the Ta . Zr, .B,~Si—SiC coating is resistant to ablation
when exposed to heat fluxes (2.4+4.2 MW/m?). It was
found that increasing the heat flux of the oxyacetylene
flame resulted in more intense weight loss and thinning
of the coating, and its ablation behavior varied from
oxidation and evaporation at 2.4 MW/m? to mechani-
cal removal at 4.2 MW/m? [55]. Note that after ablation
for 40 s under a 4.2 MW/m? heat flux, a new micro-
structure consisting of “lath-like” grains (Ta,Zr,0O,,

solid solution) with few micropores and high erosion

resistance was found at the heat flux center. The sur-
35> 210, and Ta, 0.
These phases provide efficient protection of the mate-
rial below from ablation. The inner Ta, Zr, .B,~Si-SiC
coating protected by the outer oxide layer mostly faces

face oxide layer contains Ta,Zr,,O

high-temperature oxidation and the release of gaseous
SiO and CO.

Jiang Y. et al. [57] manufactured a defect-free, single-
B.,—SiC-Si

0572
graphite. After oxidation in air at = 1500 °C, the coat-

ing surface contained Ta,.B,, Ta,O,, SiO, and HfSiO,

0.572° 2750
(hafnon is the product of the reaction between HfO, and

layer multi-phase Hf ;Ta coating on

Si0, [58]), i.e., a complex silicate oxide layer, emerges
to prevent oxygen from entering into the coating.
The coating is resistant to low- and high-temperature
isothermal oxidation for 1320 h at t =900 °C and for
2080 h at = 1500 °C (the weight gains were 0.14 %
and 1.74 %, respectively), and also has good ablation
resistance [57]. Jiang Y. et al. [57] explained the high
resistance to oxidation at # = 900 °C by the defect-free
coating structure, and at 1500 °C, by the Hf-Ta—Si—-O
surface layer. Here HfSiO, and Ta O, increase the oxide
film viscosity and create “pinning points”, which
change the direction of crack propagation or inhibit
it [57].

Ren X. et al. [59] reported that a two-layer
Ta Hf, B,—SiC/SiC multiphase coating 120-190 pm
thick protects C/C composites from oxidation in air
at ¢ = 1500 °C for more than 1480 h, and from ablation,
for 40 s at the 1927 °C oxyacetylene flame temperature.
The number of cracks and holes after oxidation was
relatively small, when compared to the SiC/SiC coa-
ting, and the glassy layer surface contained Ta and Hf
oxidation products indicating the formation of a multi-
phase silicate glass. The melting point of tantalum and
hafnium oxides is higher than that of SiO,, so adding
these components to the glass increases its thermal
stability and viscosity for better ablation and oxidation
resistance through the synergistic effect of the multi-
phase oxides [59].

The presence of the Zr Ta, B, solid solution

in the SiC coating significantly im;roves its oxida-
tion protection properties. Ren X. et al. [60] reported
t=1500°C for 1412h,
the weight loss of a C/C composite coated with
Zr Ta; B,-SiC/SiC was only 0.1 wt. %, while for
the ZrB,—SiC/SiC coating, it was 0.22 wt. % for 550 h.

The TGA showed the coating is resistant to oxidation

that after oxidation at
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in a wide temperature range (from room tempera-
ture to 1500 °C). The coated C/C composite weight
gain at the end of the test was 1.8 wt. % (C/C compo-
sites with ZrB,~SiC/SiC and TaB,-SiC-Si/SiC coatings
lost 10.3 and 11.2 wt. %) [60]. Ren X. et al. explained
the high oxidation resistance of the Zr Ta, B,-SiC/SiC
coating by the formation of a heterogenecous
Zr-Ta-Si-O glass layer on its surface (containing
evenly distributed Zr and Ta oxides forming an “inlaid
structure” providing cracks deflection and elimination),
as well as by the synergistic effect of multiple protec-
tive mechanisms provided by the coating components.

Tong K. et al. [61] studied the ablation resistance
of a multiphase Zr—Ta—B-SiC coating with various
Zr/Ta weight ratios on a C/C composite at = 2300 °C.
Adding Ta led to the formation of the (Zr, Ta)B, solid
solution, relieving thermal stress during the synthesis
and removes the layer defects. Ta also had a noticeable
effect on the composition and morphology of the coa-
ting after ablation. Tong K. et al. [61] also reported
that the Zr .Ta ,B,~SiC coating has better ablation
resistance due to the formation of a thermal barrier
and low volatility of the Zr-Ta—O layer. Furthermore,
the Ta—O bond stabilizes the high-temperature #-ZrO,
phase. The samples with low Ta (~10 mol. %) and
excessive Zr contents in the solid solution after abla-
tion showed the formation of multiple nanosized
Zr-Ta—O nuclei, thus making it impossible to form
a homogeneous layer over the glass phase and
to increase its viscosity. That is, SiO, was still exposed
directly to the plasma generator flame and intensively
evaporated during the ablation. When Ta is in excess
(~70 mol. %), the ablation results in the extensive for-
mation of the liquid Zr—Ta—O phase with low viscosity,
rapidly exposing the surface. At the same time, gaseous
SiO, CO, CO, and B,O, compounds volatilized making
numerous pores and holes in the glassy layer as chan-
nels for oxygen diffusion [61].

2.2.7rB,-SiC coatings
alloyed with complex
tantalum carbide

The Ta,HfC, complex tantalum-hafnium carbide
seems suitable for high-temperature applications with
its properties [29; 30]. However, it cannot protect C/C
composites from oxygen due to its low heat resis-
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tance [62]. Therefore, it was proposed to apply a 2-layer
coating. The inner layer is Ta,HfC, and the outer layer
is ZrB,—SiC-Ta HfC,. Such a coating can be efficient
to protect C/C composites from oxidation at high tem-
peratures. The weight loss of the coated samples during
isothermal oxidation tests at = 1500 °C for 20 h was
3.3 %. The weight loss after ten 1500 °C to 20 °C ther-
mal cycles with a 10 min isothermal holding at the max
temperature was 9.5 %, indicating the high heat resis-
tance and thermal stability of the coating.

The gas-tight, continuous silicate glass layer con-
taining ZrO,, Si0O,, ZrSiO,, Ta,O, and HfO, particles
has a low oxygen diffusion rate and a relatively high
self-healing ability. Nevertheless, the pores and micro-
cracks resulting from the different thermal expansion
coefficients of the coating and substrate, and from
the gaseous oxidation products release, are the pri-
mary cause of weight loss. They also adversely affect
the protective performance of the coating.

2.3. ZrB,(HfB,)-SiC coatings
alloyed with tantalum
silicides
Since the SiC thermal expansion coefficient is low,
replacing it with another stable SiO, source would
increase the protective performance of ZrB,(HfB,)-SiC
coatings at temperatures above 1700 °C. Adding more

components may increase the glass phase viscosity and
improve the oxidation resistance of the coating.

When added to HfB,~SiC-TaSi, coatings, the pas-
sivating power of TaSi, inhibits the intense oxida-
tion of SiC at = 1700 °C. The expansion caused by
the TaSi, oxidation slows the disintegration of HfB,
and increases the coatings structural resistance to oxi-
dation. The addition of tantalum disilicide also leads
to the formation of a heterogeneous Hf-Ta—B-Si-O
high-viscosity glass layer, which reduces the oxygen
permeability of the coating from 4.87 % to 0.31 % [63].
It was shown that the optimal TaSi, content has
a positive effect and seems promising for alloying
HfB,-SiC coatings. Adding 20 wt. % of TaSi, slows
down the coating removal rate by improving its gas
tightness, while an excessive amount of TaSi, reduces
the oxidation protection performance.

Tantalum disilicide is also used to improve the abla-
tion resistance of ZrB,—SiC coatings on C/C composites.
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Adding 10 vol. % of TaSi, to a ZrB,~27 vol. % SiC
coating results in the porosity drop from 16.65
to 9.65 %, better mechanical properties, and ablation
resistance at 1= 2000 °C for 10 min [64]. The effect
of TaSi, on the resistance to high-temperature gas cor-
rosion was investigated at £ = 1700 °C in the air for
30 min. A ZrB,-20 vol. % SiC-10 vol. % TaSi, coating
on siliconized graphite lasts much longer than a TaSi,-
free coating. This indicates a higher heat resistance
of the former, due to the formation of a tantalum-
containing oxide layer with a significantly lower
oxygen permeability [65]. The ZrB,-20 vol. % SiC—
10 vol. % TaSi, oxide coating layer is significantly
thinner than the ZrB,— 20 vol. % SiC coating. Despite
the absence of pores and bubbles (the TaSi,-free coa-
ting has multiple defects), cracking was observed.

In order to improve the overall performance
of the coating, Ren Y. et al. [66] studied the effect
of additional silicon vapor infiltration as the coating is
formed. The resulting ZrB,-SiC-TaSi,~Si coating on
siliconized graphite efficiently protects the material
from oxidation for 300 h at # = 1500 °C in stagnant air.
The oxidation did not cause any cracking or delamina-
tion. Ren Y. et al attributed this to the modified coating
structure with a dense ZrB,-SiC-TaSi, primary layer
under an additional silicon layer. The coating can with-
stand severe thermal cycling from 20 to 1500 °C
(20 cycles). The area of the cracks per unit of surface
area was only 3.8-107%, which indicates good thermal
resistance due to the self-healing of the surface cracks.
Tables 3 and 4 list some oxidation and ablation resis-
tance properties of the coatings.

Table 3. Oxidation resistance of carbon materials with ZrB,(HfB,)-SiC coatings alloyed

with tantalum

compounds

Tabnuya 3. XapaKTepUCTHKH OKUCIUTEIbHON CTOHKOCTH YIVIEPOJAHBIX MATEPUAJIOB
C OKPBITUSIMU Ha ocHOBe Kepamuku ZrB,(HfB,)-SiC, moaupuuuposannoi

COeTMHEHNSIMU TAHTAJA
. oy Phase .
Coating Substrate Manufacturing Ox1d‘a‘t10n composition Weight Reference
process conditions o change
after oxidation
. . o 7r0,, Ta,0O,,
7tB,-SiC-TaHfC TaHifC, | 2D cjc | Stpmeldinghpack 11300 °C. 7,6 i | 339 [62]
2 aTTS s cementation 20 h 402
HfO,, SiC
Slip molding + Si 1500 °C
ZrB,-SiC-TaSi,-Si/SiC Graphite | vapor infiltration/ 300 h > | Si0,, Z1B,, SiC | 4.76 mg/cm? [66]
pack cementation
. . . Slip molding + Si 1500 °C, . o
(ZrTa)B,~SiC-Si Graphite vapor infiltration 347 h (Zr, Ta)B,, SiO, 0.33% [56]
In situ reaction 1500 °C Zr0,, Ta,0O,,
Zr Ta, B,-SiC/SiC 2D C/C synthesis/pack 1412 h ’ ZrSi0,, Si0,, -0.1% [60]
cementation Ta 0, ,, SiC
In situ reaction HIfO,, TaO,,
e . 1500 °C HfSiO,, SiO
o ) 4° 29 _ 2
Ta Hf, _ B,-SiC/SiC 2D C/C s;;z;l;:rslltz/gzﬁk 1480 h Ta0, Ta, . 2,8 mg/cm [59]
Ta,0, SiC
Impregnation and 1500 °C Hf, ;Ta,.B,,
Hf ;Ta, .B,~SiC-Si Graphite pyr.olysi§ + reagtive 2080 h ’ TaZOS,.HfSiO " 1.74 % [57]
Si gas infiltration Sio,
Slip molding + 1650 °C
Ta, ;Zr, ;B,~Si-SiC Graphite in situ reactive 70h ? Sio, —0.56 % [55]
synthesis
ZrB.-20 vol. % SiC— . Slip molding/pack 1700 °C, Zr0,, Z1Si0,,
2 2 4 2
10 vol. % TaSi,/SiC Graphite cementation 30 min Si0,, TaC 3.81 mg/em [65]
_ 0, 1C_ o
HfB,-20 wt. % SiC Graphite SPS 1700 °C, HfO,, Ta,0, ,, ~15 mg/em’ 63]

20 wt. % TaSi,

100min | HfSiO,, SiO,
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Table 4. Ablation resistance of carbon materials coated with ZrB,(HfB,)-SiC ceramics
alloyed with tantalum compounds

Tabnnya 4. XapakTepUCTHKH CTOMKOCTH K a0JsIMH YIIIePOAHBIX MATEPHAJIOB C MOKPHITUAMH
Ha ocnose kepamuku ZrB,(HfB,)-SiC, monupuuupoBannoii coeMHeHnsivi TAHTaIA

Flame test conditions
Coating Flow rate, /s il I Reference
t,°C Time, s rate, mg/s rate, pm/s
02 C2H2
Ta Hf, B,-SiC/SiC 1927 40 0.2-0.3 0.1-0.2 1.590 3.21 [59]
ZrB,-SiC-TaSi, 2000 600 0.72 0.25 0.114 - [64]
Hf, . Ta, .B,-SiC-Si 2130 60 0.244 0.167 1.050 -10.20 [57]
(Zr, ,Ta, ,)B,-SiC 2300 120 0.42 0.31 0.033 3.01 [61]
o 2.4 MW/m?* 60 0.24 0.18 0.150 0.35
Ta, ;Zr, B,~Si-SiC [53]
R 4.2 MW/m?* 40 0.42 0.31 4.900 3.25
* Heat flux was reported instead of the flame temperature.

3. Carbon-ceramic composites
with a (C)-SiC-ZrB, matrix
alloyed with tantalum compounds

In the last decade, many researchers studied high-
temperature composites with a ceramic matrix, since
solid UHTCs are inherently brittle and lack sufficient
resistance to thermal shock [2]. Reinforcing fibers
increase the strength of the composite, and adapt its
mechanical and thermal properties to the specific appli-
cation. Carbon-ceramic composites (C/SiC) reinforced
with continuous carbon fibers overcome the inherent
brittleness and low thermal resistance of UHTCs offer-
ing better thermal performance and increased ablation

resistance [1].

Kannan R. et al. [67] showed that adding 20 wt. %
of Ta to the C/SiC-ZrB, composite leads to the TaC,
formation from the residual carbon and increases
the ablation resistance due to stabilization of the -ZrO,
martensitic phase and the low melting point of Ta C,
capable of enveloping the ZrO, matrix particles and
reducing the anionic conductivity at ¢>2000 °C.
Kannan R. et al. [67] also attributed the higher abla-
tion resistance to the low thermal conductivity of the
Zr-Ta—-Si-0 oxide layer which inhibits the heat transfer
from the surface inside the composite, and to the rela-
tively high bond strength between the carbon fibers and
the matrix due to the presence of residual metallic Ta.

LiL. etal. [68] reported that adding 24 vol. % of tan-
talum carbides into the matrix also resulted in higher
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ablation resistance of C/SiC~ZrB,-TaC 2D composites
due to the oxidation and formation of liquid Ta,O,
(at > 1870 °C) capable of healing cracks during abla-
tion and retaining the loose ZrO,, building a gastight
layer around the fibers. It was concluded that the TaC
content should be increased, and the substance should
be more evenly distributed across the matrix to further

improve the ablation resistance of such composites.

C/SiC composites alloyed with ZrB, and TaC
showed higher flexural strength (up to 27 %), Young’s
modulus (up to 28 %), and interlayer shear strength
(up to 22 %). Uhlmann F. et al. [69] attributed the lat-
ter to the addition of TaC. The thermochemical stability
of the C/SiC~ZrB,~TaC composites under the combus-
tion chamber conditions (exposure to a hot gas for
15 min, 1725+1860 °C measured surface temperature)
improved, while the oxygen permeability signifi-
cantly decreased. The reason for this is that the oxide
film in the Si—Zr-Ta—O system is a diffusion barrier,
preventing the penetration of combustion products
into the underlying layers and protecting them from
further oxidation [69].

For  the C/C-2SiC-1ZrB,-2TaC

(the numbers are the relative volumes of the ceramic

composite

particles) the ablation properties deteriorated which
may be a result of the TaC addition. The higher ablation
rate (Table 5) is attributed to the formation of the Ta,O;
liquid phase subject to strong mechanical removal and
erosion at £ = 2700£300 °C [70].
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Table 5. Ablation resistance of the C/SiC composite with the (C)-SiC-ZrB, matrix alloyed with tantalum carbide

Tabnuya 5. Xapakrepucruku croiikocru K adasinnu YKKM ¢ marpuneii na ocnose (C)-SiC-ZrB,,
JIErHPOBAHHON KapOWI0M TaHTaIa

Flame test conditions .
C/SiC Manufacturing | Density, | Porosity, Gas pressure/ Ma§s Llne.ar
. 3 N Time ablation | ablation | Reference
composite process g/cm % t.°C > flow rate
> s rate, mg/s | rate, pm/s
0, | GH,
120 1.33 0.19
1600
600 0.02 0.27
- Reactive HP/ 120 1.80 0.25
gg,lgTa C impregnation and 2.82 21.0 1800 l\(/}ﬁa 1(\)/[%; [67]
1ty pyrolysis 600 0.47 0.63
120 3.05 0.39
2000
600 2.19 1.43
C/C-2SiC- | Powder infiltration 136 | 1.04
1ZrB,- + isothermal vapor - - 27004300 | 30 rﬁ3 h m'3 h ~59 - [70]
2TaC infiltration
0.4 | 0.095
2D C/SiC- | Vapor infiltration + MPa; | MPa;
ZrB,~TaC slip molding 2.35 1.5 3000 20 .51 | 1.12 a 26 [68]
m¥h | m¥h

4. Mechanisms improving
the oxidation and ablation resistance
of ZrB,(HfB,)-SiC composites
alloyed with tantalum compounds

UHTC oxidation and ablation performance is largely
determined by the oxidation product properties, and
the surface chemical and physical processes occurring
in oxygen-containing environments. Consequently,
modifications to the oxide film’s chemical composi-
tion and structure can improve the resistance to high-
temperature oxidation and ablation. Opeka M. et al. [7]
noted that UHTC composites during the oxidation
of which synthesize relatively refractory glass layers
with low oxygen diffusion rates and high self-healing
ability are potentially heat-resistant materials. For
several reasons discussed below, alloying with tanta-
lum compounds modifies the oxide film and improves
the oxidation and ablation resistance.

4.1. Phase separation
in the oxide surface layer
Oxidation of tantalum-containing components

in UHTC composites can be represented by the follow-
ing reactions:

4TaB,(s) + 110,(g) — 2Ta,0,(s, /) + 4B,0,(1), (1)
4TaC(s) + 90,(g) — 2Ta,0(s, [) + 4CO,(g), (2)
4TaC(s) + 70,(g) — 2Ta,0(s, [) + 4CO(g), (3)
4TaSi,(s) + 130,(g) — 2Ta,04(s, 1) + 8Si0,(1), (4)

x(Hf, Ta)B,(s) + (2.5x + 0.5y)0,(g) —
— xHfO(s) + Ta O (s, 1) +xB,0,(s), 5)

x(Zr, Ta)B,(s) + (2.5x + 0.5)0,(g) —
— xZrO,(s) + TaxOy(s, 1) +xB,0,(s), (6)

where s, / and g denote the aggregate state of the phases:
solid, liquid, and gaseous.

As can be seen the relatively refractory Ta,O, is
formed (¢, = 1882 °C [10]). The presence of group
IV-VI transition metal oxides (e.g., tantalum) in boro-
silicate glass causes intense phase separation (immisci-
bility) of the glass phase. It increases the heat resistance
of ZrB,(HfB,)-SiC composites by increasing the lig-
uidus temperature and viscosity [20; 21; 27; 38; 44;
55; 56; 59; 60; 65]. Higher viscosity, in turn, reduces
the oxygen diffusion rate through the film. According
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to the Stokes-Einstein relation, the diffusion coefficient
is inversely proportional to viscosity [71]:
Do kT ’
6mnr

™)

where D is the diffusion coefficient, & is the Boltzmann
constant, 7 is the temperature, 1 is the solution visco-
sity, and r is the average radius of the diffusing particles.

Zhang M. et al. [63] showed that Hf**/Ta>" transi-
tion metal cations interact with the silica-oxygen tetra-
hedral lattice [SiO,] forming 3D ionic clusters. This
increases the glass viscosity and reduces the oxygen
mass transfer. Zhang M. et al. [63] showed that refrac-
tory hafnium and tantalum oxide particles distributed
in a viscous-fluid glass layer improve heat resistance
by increasing the number of barriers to oxygen move-
ment. This significantly limits its diffusion rate through
the oxide film.

Eakins E. et al. [15], Peng F. et al. [21] and Thim-
mappa S. et al. [44] observed a decrease in the porosity
of the oxide layer under the surface glass layer. This
was attributed to the higher viscosity of the glass phase
containing tantalum, which is less mobile reducing
the capillary rise from the lower layers. Borosilicate
glass enriched with tantalum also prevents cracking and
heals defects [27; 38; 64; 67; 69]. Also, the higher vis-
cosity and liquidus temperature contribute to the par-
tial suppression of boron evaporation from glass [7].

4.2. Formation of refractory
solid solutions and complex oxides

Partial dissolution of tantalum in the zirconium or
hafnium boride can result in the formation of a solid
solutions which oxidizes to Zr-Ta—O and Hf-Ta—-O
solid solutions when exposed to oxygen [38;44].
The reaction between the ZrO,(HfO,) u Ta,O, phases
405, (Zr, ;;TaOg) [55] zirconium-
tantalum oxides or the Hf Ta,O , [72] hafnium-tanta-
lum oxides, e.g.:

produces the Zr,,Ta

11ZrO,(s) + 2Ta,04(s, ) — Zr, Ta,0,,(s),  (8)
6HfO,(s) + Ta,O4(s, [) — Hf,Ta,0,(s). 9)

The refractory solid solutions and/or complex
oxides in the films enhance resistance to oxidation
and ablation without inducing additional thermal
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stress. The mechanical and thermophysical proper-
ties of solid solutions are easier to control compared
to stoichiometric phases [61]. Hu C. et al. [34] pro-
posed that the formation of a solid solution reduces
the activation energy of the boride grain boundaries,
contributing to the formation of coherent structures.
The Zr, Ta,0,, n HfTa,0 , phases act as barriers
in the oxygen-acetylene flame preventing the erosive
removal of the internal layers by the high-speed gas
flows due to the low thermal conductivity and rela-
tively high refractoriness of these phases [55; 67; 72].
The heterogeneous structure of the oxide film hampers
cracking and crack propagation [38].

4.3. Reducing the oxygen vacancies
concentration in the ZrO,(HfO,) lattice

Compositions that reduce oxygen transport through
the ZrO, and HfO, matrix phases also increase
heat resistance [7]. ZrO, and HfO, oxides become
non-stoichiometric as oxygen vacancies are formed
in the lattices under the low partial pressure of oxy-
gen (e.g., under a gastight borosilicate glass layer) or
due to the addition of lower valence cations (Y3", La’",
etc.) [8]. The partial replacement of Zr*" and Hf** with
Ta>" decreases the concentration of oxygen vacancies
according to the Kreger-Wink reaction [26]. The reac-
tion for the ZrO, lattice doping is

Ta,04 + Vi — =2 52Ta, +50,.

(10)
A decrease in the oxygen vacancy concentration

reduces the anionic conductivity and decreases the oxi-

dation rate of ZrB,(HfB,)-SiC composites [26; 65].

4.4. Inhibition of ZrO,(HfO,)
polymorphic transformations

The substitution of Zr*" and Hf*" for Ta>" in the
ZrO,(HfO,) lattice depletes the oxygen vacancies
and partially stabilizes the lattice [67]. This reduces
the rate of the diffusion-free martensitic tetragonal-
to-monoclinic phase transformation. It also decreases
the volume expansion associated with the transfor-
mation and the possibility of cracking in the oxide
film during thermal cycling [8; 21; 66]. This factor
improves the performance of composites exposed
to high temperatures, reducing the oxide film cracking
and increasing its adhesion and cohesion [61].
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45. Changing the oxide layer
microstructure

The effect of tantalum on the oxide particle size
in the glass phase also affects the oxidation processes.
Peng F. et al. [22] reported that the size of zirconium
dioxide particles decreases when TaB, is added.
The resulting borosilicate glass phase has a greater ten-
dency to be captured by the lower oxide sublayers con-
taining dispersed particles. It makes these layers more
impermeable to atmospheric oxygen and improves
the overall heat resistance of the material.

Tong K. et al. [61] also found that by increasing
the tantalum compound content in UHTCs, the morpho-
logy of the synthesized complex oxide in the Zr-Ta—O
system changes from dispersed nuclei to sintered rod-
like grains. It improves the ablation resistance, since
this oxide works as a “pinning” phase for efficient
retention of glassy SiO, and resistance to mechanical
erosion. Similarly, the formation of a heterogeneous
oxide film in the Hf~Ta—Si—O system from the immis-
cible HfSiO, and TaxOy phases of the silicate glass
increases the surface layer viscosity and creates “pin-
ning points”, inhibiting or eliminating cracking [57].
It reduces the probability of crack penetration through
the oxide film and improves heat resistance [59].

5. Reduction mechanisms
of oxidation and ablation
resistance in ZrB,(HfB,)-SiC
composites alloyed
with tantalum compounds

Along with the noted improvement in heat-
resistant and anti-ablation properties when alloying
ZrB,(HfB,)-SiC composites with tantalum com-
pounds, under certain conditions these positive
effects are limited, and, in some cases, oxidation and
ablation resistance even deteriorates. Some studies
report negative effects of tantalum compounds on
the HfB,-SiC system [26; 35], at temperatures above
1700 °C [24; 26; 39], and with improper concentra-

tions [22; 27; 39].

The reasons for the oxidation and ablation resis-
tance deterioration are listed below.

5.1. Formation of low-viscosity
liquid phases

Adding tantalum may have a negative effect on
the oxidation of ZrB,(HfB,)-SiC composites at tem-
peratures above 1650 °C, since the presence of Ta,O;
in the oxide film reduces its heat resistance due
to the formation of liquid phases [8; 24; 37].

High tantalum content (~70 mol. %) results
in the extensive formation of the low-viscosity liquid
phase during ablation. It causes intensive oxide film

removal, holes, and bare areas on the surface [61].

Opila E. et al. [39] also observed the formation
of a significant amount of the liquid phase (a mixture
of oxiboride, silicate, and zirconate phases) during
the oxidation of ZrB,-20 vol. % SiC-20 vol. % TaSi,
at t = 1927 °C, which was the key reason for the dete-
rioration of its heat resistance [39].

5.2. Damage of frame structures
in the oxide layer

The presence of Ta,O, in the film at temperatures
above 1700 °C leads to the formation of the Zr  Ta,O,,
or Hf Ta,0,, complex oxides. It reduces the heat resis-
tance of the mechanical framework based on
ZrO,(HfO,), accelerating the oxidation and reducing

the ablation resistance [22; 24].

Due to the limited solubility of tantalum in the ZrO,
thermally grown in situ its excess forms the low-melt-
ing oxide phases, from which zirconium dioxide crys-
tallizes contributing to the formation of dendrites [39].
Dendrite growth from the oxide sublayer to the glass
surface increases the overall oxidation rate, since
the dendrites act as anion channels. Another reason is
the poor wetting of the dendrites with the glass phase,
which contributes to increased oxygen penetration
through the phase interfaces [22].

5.3. Structural changes
in the oxide layer leading
to porosity and cracking
The formation of Ta,O; inside the ZrO, grains leads

to a large volume expansion exceeding 50 % of the ini-
tial one. It causes irreversible damage to the ZrO,
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grains, including their cracking from the inside. This
disturbs the compactness and continuity of the oxide
layers and increases the mass transfer rate across
the oxide film [37]. Silvestroni L. et al. [37] also
noted that the platelet-shaped formations of the mixed
Zr, . TaO, oxide turn vertical at #= 1650 °C. This
configuration has extra channels for oxygen diffu-
sion due to a significant increase in the platelets-glass
phase interface surface area, which negatively affects
the UHTC heat resistance.

Opila E. et al. [26] reported that adding tantalum
carbides to ZrB,~SiC reduces the oxidation resistance,
since a porous oxide layer is formed due to the release
of gaseous CO and/or CO, oxidation products. The struc-
ture discontinuity leads to accelerated oxidation, since
the gas phase mass transfer through the cracks and pores
(even at the Knudsen diffusion mode) is much easier
than diffusion in condensed phases [24].

5.4.Changes
to the oxidation mechanism

Alloying ZrB,~SiC ceramic composites with tan-
talum may change the processes governing its oxi-
dation. Wang Y. et al. [27] suggested that the mass
transfer of tantalum and/or silicon cations diffusing
from the substrate to the oxide film during formation
of the SiC-TaC depleted layer, is crucial. At low tan-
talum concentrations (~10 vol. %) most of the Ta,O;
dissolves in ZrO, forming a solid solution. The remain-
der is insufficient to seal the porous zirconium dioxide
layer, resulting in a loose structure not protected by
SiO, and/or ZrSiO, gastight layers, and a significant
increase in the UHTC oxidation rate [27].

The estimated activation energy of the silicon diffu-
sion to the surface through the oxide layeris 315 kJ/mol.
It is much higher than the previously reported values
for the inward oxygen diffusion (120-140 kJ/mol [73]).
This indicates the key contribution of the outward tan-
talum diffusion, than the inward oxygen diffusion.

5.5. Increasing the coating
thermal expansion coefficient

Cracks in UHTC coatings may be caused by the dif-
ference in the substrate and coating thermal expansion
coefficients [65]. The thermal expansion coefficient
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of tantalum compounds is higher than that of ZrB,(HfB,)
or SiC [63]. Oxidation induces compression forces
in the coating, but rapid cooling leads to tensile stresses
and easy cracking in the oxide layer [65]. Increasing
the TaSi, content leads to heat resistance deterioration
as penetrating cracks occur [63].

Conclusion

We reviewed the available studies of tantalum
alloying effects on the structure and resistance to high-
temperature oxidation and ablation of ZrB (HfB,)-SiC
UHTCs. The studies discuss different materials: bulk
ceramics, heat-resistant coatings on C/C composites
and graphite, and C/C composites with a UHTC matrix.
It is shown that alloying with Ta-containing compo-
nents may have both positive and negative effects.
The increase in heat and ablation resistance is prima-
rily caused by:

— higher viscosity and thermal stability of the boro-
silicate glass containing zirconium (hafnium) and tan-
talum cations;

— anionic conductivity reduction and partial stabili-
zation of the ZrO,(HfO, ) lattice due to tantalum doping;

— compaction and sintering of the oxide sublayer
containing ZrO,(HfO,) and ZrSiO (HfSiO,) grains;

— formation of temperature-resistant complex

oxides like Zr  Ta,O,, or Hf Ta,0,, on the surface.

The key reasons for the negative effect of alloying
are:

—poor oxide film continuity as the ZrO,(HfO,)
grains are damaged by the TaB, oxidation or a signifi-
cant gas release during the TaC oxidation;

— the emergence of additional oxygen diffusion chan-
nels as the Zr| Ta,0,, or Hf, Ta, O, platelets turn vertical,

—an increase of the liquid phase share subjected
to mechanical removal by high-speed gas flows.

The effects of alloying are not so unambiguous: there
are limitations in terms of concentration, structure, and
temperature. The oxidation and ablation resistance and
the mechanisms governing the UHTC behaviors are
different for various alloying components and ambient
conditions. Consequently, both positive and negative
aspects should be considered when selecting the type
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and amount of alloying tantalum, as well as to deter-

mine whether one or another factor is decisive under

given oxidation/ablation conditions.
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