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Abstract—The review has been made of recent publications on modification of ZrB,/HfB,—SiC ultra-high-
temperature ceramic composite materials (UHTC) by carbon components: amorphous carbon, graphite,
graphene, fibers, and nanotubes. Available data have been presented on some aspects of oxidation of such
materials at temperatures >1500°C and both at the atmospheric pressure and at the reduced oxygen partial
pressure; structural features of the formed multilayer oxidized regions have been noted. It has been considered
how the type and content of the carbon component and the conditions (first of all, temperature) of UHTC
production affect the density, flexural strength, hardness, fracture toughness, and thermal and oxidation

resistance of the modified ceramic composites.
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INTRODUCTION

The ceramic composite materials based on zirco-
nium or hafnium diboride have high melting points
(ZrB,: 3040 £ 100°C [1], 3247 £ 18 [2]; HfB,: 3250 =
100°C [1], 3377°C [3]), high phase stability over a
wide temperature range [1—5], high thermal conduc-
tivity (ZrB,: 58.0 (300 K), 64.5 (1300 K), 134.0 (2300
K) [6]; HfB,: 51.0 (300 K), 60.0 (1300 K), 143.0 (2300
K) [6]) (also at high temperatures), sufficiently high
emissivity, and also high chemical and oxidation resis-
tance. Owing to such properties, since approximately
the 1960s [1, 6—8], these materials have generated
considerable interest as promising for high-tempera-
ture service.

Modification of their composition by introducing
silicon-containing high-melting compounds, first of
all, silicon carbide, extends the range of possible appli-
cations also to oxygen-containing media [9—15]—as
materials for the most critical parts of high-speed
vehicles, propulsion systems, liners, etc. The preserva-
tion of high thermal conductivity of ZrB,/HfB,—SiC
ceramics after adding 20—30 vol % silicon carbide
enables one to regard these materials as candidates for
sharp edges and nose parts (with a radius of curvature
from fractions of a millimeter to several millimeters) of
hypersonic vehicles. For this reason parts with sharp
edges subjected to stagnation point aerodynamic heat-
ing are impacted by a high (several MW/m?) heat flux,

which results in an increase in the surface temperature
above 2000°C [16—21]. However, ZrB,/HfB,—SiC
ceramic composites do not fail by thermal shock
owing to their ability to transmit heat through them-
selves and releases it from the system by radiation from
relatively cool surfaces [22].

The number of systematic studies of the creation
and modification of ultra-high-temperature ceramic
composites and the determination of their properties
increases year after year; more and more teams in var-
ious countries are involved in research on this subject.
Figure 1 presents the results of the search on this sub-
ject, classified by countries of origin of authors. As is
seen, most (~55%) works were published by Chinese
authors; however, this search covered not only ceram-
ics research but also studies of ceramic coatings based
on super-refractory metal carbides and borides on the
surface of C;/C composites. Note that, from year to
year, the range of countries in which studies on this
subject are performed widens, and also new research
teams form and develop, in the Russian Federation,
too [23—32].

Despite a successful combination of the properties
of the components, zirconium or hafnium diboride
and silicon carbide, which brought ceramic materials
based on them to the forefront of ultra-high-tempera-
ture applications, these materials have a number of
drawbacks characteristic of most ceramics. First, this
is low fracture toughness and insufficiently high resis-
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Fig. 1. Distribution of publications on ultra-high-temperature materials based on zirconium or hafnium diboride over countries

of origin of authors, SciFinder, STN International, 02.2018.

tance to cyclic thermal shocks. Besides, because of low
self-diffusion and strong covalent bonds in the crystal
lattice of ZrB, and HfB,, to produce UHTC with high
enough density, high temperatures of hot pressing or
sintering have to be used. This leads to significant
growth of M B, grains (where M = Zr, Hf) and, hence,
to impairment of mechanical properties. Thus, there is
a compelling need to maximally reduce the tempera-
ture of production of ZrB,/HfB,—SiC ceramic mate-
rials.

The described adverse properties and processes are
proposed to be overwhelmed or maximally neutralized
by introducing modifying components to UHTC, in
particular, carbon materials of various types.

This work is the review of the obtained data on
modification of ZrB,/HfB,—SiC ultra-high-tempera-
ture ceramic composites by carbon components: car-
bon black, graphite, short carbon fibers, nanotubes,
and graphene.

Fascinating technologies for creating functionally
gradient materials based on continuous carbon fibers
of the type of C;/C and C,/SiC composites the surface
layer of which is modified by ZrB, and HfB,, for form-
ing laminated structures [33—37], and for applying
protective antioxidation coatings to carbon materials
are beyond the scope of this review.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63

1. FEATURES OF THE OXIDATION OF
ZrB,/HfB,—SiC CERAMIC MATERIALS
MODIFIED BY THE CARBON MATERIALS

Specific features and thermodynamic aspects of the
oxidation of the ZrB,/HfB,—SiC UHTC and the
causes of the formation of a SiC-depleted region by this
oxidation were described in detail in the well-known
works, which have already became classic [38—45].

In considering the problem of the modification of
ceramic materials to be used at high temperatures (also
above 2000°C) in an oxygen-containing atmosphere
(also in the presence of atomic oxygen) by such a read-
ily oxidizable substance as carbon, the idea immedi-
ately suggests itself that these materials should become
less resistant to oxidation. Particularities of the oxida-
tion of the MB,—SiC—C materials that make it possi-
ble to characterize the materials within the general
concepts of the behavior of materials of this type in the
interaction with oxygen are most convincingly and
analytically considered by Rezaie et al. [46], Jin et al.
[47], and Nguyen et al. [48].

For example, Rezaie et al. [46] described the oxi-
dation of ZrB,—15 vol % SiC—15 vol % C (graphite)
ceramic material, which was produced by hot pressing
at 1950°C for 45 min under an uniaxial load of 32 MPa
(Prev > 98%), in an air flow (p = 1 atm) at 1500°C to
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Fig. 2. Model of the distribution of layers in the structure formed by the oxidation of ZrB,—15 vol % SiC—15 vol % C (graphite)

ceramic composites in air at 1500°C [46].

form a layered structure. It was found that the pressing
oriented graphite in the direction perpendicular to the
pressing axis. The layer-by-layer determination of the
phase composition in the oxidized region was per-
formed by grinding away upper layers under the con-
trol of an optical microscope. It was shown [46] that
the 8-h oxidation gave rise to a multilayer oxidized
region the structure of which was more complex than
those inherent in ZrB,—SiC ceramic materials and
comprised the following layers: upper amorphous
layer 1 enriched with silicon dioxide, a protective
borosilicate glass layer; thin layer 2 where ZrO, and
SiO, coexisted, which passed into layer 3 consisting of
the only crystalline ZrO,; porous layer 4 based on
Zr0O,, which contained graphite depleted with SiC,
probably, by the active oxidation by the reaction (1)
(under oxygen deficient conditions, graphite could
also form from SiC by the reaction (2)); porous layer 5
based on ZrB, and graphite; and depleted SiC passing
into the unoxidized material.

SiC + 0, = SiO + CO, (1)
SiC + 0, = Si0,+ C. )

The calculated diagrams of oxidation at various
oxygen pressures (volatility diagrams) at 1500°C for
individual components of the system (ZrB,, SiC, C)
were combined into a single diagram and were used to
determine the boundaries of the existence of these
substances and the products of their oxidation at vari-
ous total pressures and oxygen partial pressures.

By a combined analysis of the experimental data
and the results of thermodynamic modeling, the
model of distribution of layers of various compositions
was constructed [46] (Fig. 2). As one can see, at this
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temperature, the oxygen pressure required for the
active oxidation of the silicon carbide is >5.5 X 10~ Pa.
At the higher pressure of pO, = 1.9 x 10~ Pa, ZrB,
begins to be oxidized and after a further increase in the
oxygen pressure to 2.0 x 10~ Pa, the oxidation of
graphite also begins.

Thus, Rezaie et al. [46] showed that the introduc-
tion of graphite leads not to inhibition of the active
oxidation of silicon carbide, but to an almost twofold
increase in the thickness of the partially oxidized layer.

Jin et al. [47] investigated the oxidation of ZrB,—
20 vol % SiC—15 vol % C (graphite) ceramic material
at the higher temperature of 1800°C and reduced pres-
sure: pO, in the chamber was 500 and 1500 Pa; the
holding time in various experiments was 10, 30, 60,
and 90 min. The total pressure in the system was
15 kPa, and the oxygen partial pressure was produced
by mixing with argon. Samples were obtained by hot
pressing at 1900°C for 1 h at a load of 30 MPa in an
argon atmosphere (p, > 99%).

According to the X-ray powder diffraction data
[47], after the oxidation of samples for 10 min at oxy-
gen partial pressures of both 500 and 1500 Pa, the
dominant phase on the surface was tetragonal ZrO,
with a small admixture of the monoclinic modifica-
tion. Besides, there was also a ZrB phase, which was
likely to form by the oxidation of ZrB, under oxygen
deficient conditions by the reaction (3); the ZrB con-
tent of the samples oxidized at pO, = 1500 Pa was
much lower. With increasing experiment duration, the
content of the monoclinic phase ZrO, increased
because, in the course of the oxidation, the particle
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Fig. 3. Scheme of arrangement of oxidized layers and processes in the oxidation of ZrB,—SiC—graphite samples at 1800°C and

pO, = (a) 1500 and (b) 500 Pa [47].

size of -ZrO, increased and #-ZrO, transformed to m-
Z10,.

271B,(s) +3/20,(g) = 2ZrB(s) + B,0O,(1). 3)

The X-ray photoelectron spectra showed [47] that,
in all the samples, SiC on the surface was completely
or partially (to SiO,C,) oxidized. The scanning elec-
tron microscopy images of polished samples together
with the data of energy-dispersive X-ray spectroscopy
and the X-ray photoelectron spectroscopy suggested
that, by the oxidation at the higher oxygen pressure of
1500 Pa, a bilayer oxidized system formed. On the sur-
face, there was a SiC-depleted layer, in which unoxi-
dized graphite and traces of ZrC were found. Jin et al.
[47] explained this by the fact that, in this case,
because more ZrB, was oxidized to form ZrO,, there
was -Zr0, — m-7Zr0, transition accompanied by an
increase in the volume, which complicated the oxygen
diffusion to the lower layer. At a greater depth, there is
a layer depleted also with graphite. On the samples
oxidized at pO, = 500 Pa, the only a silicon-depleted
region formed, which was dominated by ZrO, passing
directly into the unoxidized material [47] (Fig. 3).

Having analyzed the structure of the oxidized layer
and the data on the kinetics of the increase of its thick-
ness, Jin et al. [47] declared that they detected a tran-
sition at the temperature of 1800°C from the passive to
the active mechanism of the surface oxidation of SiC
(pO, < 1500 Pa). It was also noted that the addition of
graphite to ZrB,—SiC does not inhibit the formation
of the oxidized layer (after the 10 min oxidation, the
thicknesses of the oxidized layers on both composites
are equal), but the oxidation rate for ZrB,—SiC—-C
material is lower and is determined by the reaction
rate, rather than by the oxygen diffusion rate.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63

Nguyen et al. [48] considered the oxidation of the
ZrB,—SiC, HfB,—20 vol % SiC, and the ZrB,—14 vol %
SiC—30 vol % C ceramic materials in the water vapor
medium. The oxidation was carried out at tempera-
tures of 1200, 1300, and 1400°C in a 90% water vapor—
10% oxygen flow in cyclic mode (10 cycles): 1 h in hot
zone—20 min in cold zone. It was observed that, in the
carbon-modified sample oxidized at any of the three
temperatures, the main phase was ZrSiO,, whereas in
two the other samples, zirconium hafnium silicate
occurred only as an admixture at an oxidation tem-
perature of 1200°C, and the main phase on the surface
was the corresponding oxide. The ZrB,—14 vol %
SiC—30 vol % C sample demonstrated the worst oxi-
dation behavior: in this sample, the oxidized layer
thickness was the largest, and so was the weight gain
due to the oxidation of ZrB, and SiC. Nguyen et al.
[48] noted that the studied materials cannot be used
for a long time in aircraft engines because of their
rapid degradation under combustion conditions.

Thus, the data of the few considered articles with a
special focus on the oxidation mechanism suggested
that the introduction of carbon to the ZrB,/HfB,—SiC
UHTC does not make it necessary to totally revise the
concepts of the interaction of these materials with oxy-
gen. In the case of the oxidation at atmospheric pres-
sure and temperatures of 1500—1700°C (where there is
a protective borosilicate glass layer on the surface),
one should perhaps expect an increase in the thickness
of the SiC-depleted layer. In the oxidation at elevated
temperatures (=1800°C, at which glass evaporates
from the surface of the samples) and reduced oxygen
pressure, a transition to the active oxidation of silicon
carbide on the surface, too, is quite probable, and
graphite in this case may be more resistant to the inter-
action with oxygen.
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2. EFFECT OF THE TYPE AND THE CONTENT
OF CARBON MATERIALS
AND THE CONDITIONS OF PRODUCTION
OF ULTRA-HIGH-TEMPERATURE CERAMIC
MATERIALS ON THEIR PROPERTIES

The introduction of carbon components to the
ZrB,/HfB,—SiC ultra-high-temperature ceramic
composites should certainly have some effect on their
mechanical properties because, on the one hand,
there is every prerequisite for improving the densifica-
tion, and on the other hand, the addition of a the sec-
ond phase of low strength should decrease this param-
eter and increase the fracture toughness.

The dispersity and morphology of the modifying
carbon material should significantly affect the
mechanical characteristics and the thermal shock
resistance of the entire synthesized ceramics.

In this section, we separately considered the modi-
fication of ultra-high-temperature materials by amor-
phous carbon black, graphite, graphene, short fibers,
and multilayer nanotubes.

2.1. Modification by Amorphous Carbon Black

At the beginning of our consideration, we analyzed
several works in which amorphous carbon emerges in
UHTC as a result of the pyrolysis of various carbon
materials. For example, Zhou et al. [49] studied some
mechanical properties and oxidation resistance of
Z1B,—20 vol % SiC—C samples obtained by pressure-
less sintering. For this purpose, ZrB, and SiC powders
and a solution of phenolic resin were shredded in ace-
tone, dried in air, and cold-pressed. The produced
samples were carbonized at 800°C in vacuum and then
sintered in argon at 2100°C for 2 h. It was noted that
the presence of a certain amount of carbon led to an
increase in the density from 93 to 98% and also to an
insignificant increase in the flexural strength from
267.7 to 297.3 MPa (probably, owing to a decrease in
porosity) and fracture toughness (K¢ increased from

3.13 to 3.68 MPa m!/2.

Zhang et al. [50] introduced carbon to ceramic
materials also by the pyrolysis of phenolic resin in pro-
ducing ZrB,—20 vol % SiC—-3 wt % C—0.5 wt B,C by
pressureless sintering. The powders after drying were
subjected to stepwise cold pressing (60 MPa — 200 MPa)
with subsequent carbonization at 900°C for 1 h and
sintering at 2100°C in an argon atmosphere. The
authors [50] indicated (Table 1) that the density of the
samples was 99.8%, the flexural strength was 361 =+
44 MPa (which on heating to 1200°C decreased only
insignificantly to ~280 MPa), the hardness was
14.7 GPa, and the fracture toughness was 4.0 MPa m'/2,
The high thermal conductivity of the material
(94 Wm~! K~! at room temperature) with increasing

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63

SIMONENKO et al.

temperature to 1200°C somewhat decreased to
~63 Wm~! K=!. Zhang et al. [50] emphasized a high
ablation resistance (oxyacetylene torch, first cycle at
2000°C for 180 s, second cycle at 2600°C for 300 s) and
oxidation resistance on holding in stagnant air at
1400—1600°C for 30 min.

Zhou et al. [51] determined that the ZrB,—xSiC
ceramic materials (where x = 0, 5, and 16 vol %) pro-
duced by the pyrolysis of polycarbosilane on the sur-
face of the ZrB, powder with subsequent hot pressing
also contained amorphous carbon. However, the
absence of accurate data on the composition, as well as
the variation of the SiC content and the density simul-
taneously with the graphite content, prevents one from
drawing a correct conclusion on the effect of carbon
on the characteristics of the obtained UHTC samples.

Zhou et al. [52], Sun et al. [53], and Guo et al. [54]
investigated the effect exerted on the mechanical
properties of ceramic materials by carbon black—
nanosized particles in the form of porous and com-
pressible aggregates. Zhou et al. [52] the synthesized
ZrB,—20vol % SiC—5 vol % C samples by hot pressing
at 1900°C for 1 h and a load of 30 M Pa with the addition
of carbon black with an average particle size of 40 nm.
For them, the density above 100% of the theoretical
density was detected, which is explained by the forma-
tion of ZrC by the interaction of carbon with ZrO,
impurities on the surface of ZrB, particles. The pres-
ence of zirconium carbide was confirmed by the X-ray
powder diffraction analysis. The fact that, according
to scanning electron microscopy data, ZrC was pri-
marily concentrated at the ZrB, grain boundaries was
confirmed by the origin of ZrO, in the samples. The
modification of UHTC by nanosized carbon led to an
increase in K¢ by 25% from 5.3 to 6.6 MPa m'/? and
a simultaneous decrease in 6;by 22% from 823 to 641
MPa. The fact that the thermal conductivity of the
samples containing 5 vol % amorphous carbon was
observed to be much higher than that of the unmodified
sample throughout temperature range from room tem-
perature (~100 Wm~' K1) to 1400°C (=50 Wm~! K1)
was explained [52] by the removal of low-thermal-
conductivity zirconium oxide from the ZrB, grain
boundaries in the carbothermal synthesis of ZrC.
Worthy of separate attention is a significant increase in
the thermal shock resistance of the material, which
was detected by determining the residual flexural
strength after heating the samples to given tempera-
tures (7' = 200—1000°C) with subsequent quenching
in water: at AT less than 600°C, o, changed insignifi-
cantly, and an abrupt decrease in the strength was
observed only at AT = 800°C. As a the result, AT,
(0.70; at RT) increased by almost 80% from 395 to
705°C.
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Table 1. Mechanical characteristics of MB,—SiC—C ultra-high-temperature ceramic composites obtained under various

conditions: relative density p,, flexural strength oy, Vickers hardness Hy, and fracture toughness Kjc

Kic,
Composition, vol % Production conditions Prei> % O, MPa H,, GPa Ic ” Ref.
MPa m'/
Amorphous carbon
ZrB,—20SiC—13C—1.5B,C| Pressureless sintering, 2100°C, 99.3 361 £44 14.7£0.2 4.0%0.5 [50]
2 h, Ar
ZrB,—20SiC-5C Hot pressing, 1900°C, 1 h, 99.2 641 £+ 65 123+ 1.1 6.6 £0.50 | [52]
30 MPa, Ar
ZrB,—20SiC—-5C Hot pressing, 1900°C, 1 h, 99.3 415.5 n/d! 6.5 [53]
) 30 MPa, Ar
ZrB,—20SiC—10C 99.9 695.5 5.6
ZrB2—20SiC—15C 98.3 499.9 4.7
ZrB,—20SiC—-20C 92.3 265.9 3.2
ZrB,—20SiC—5C Hot pressing, 2000°C, 1 h, n/d! n/d! 16603 |7.52+0.19 | [54]
30 MPa, Ar
ZrB2—-20SiC—-10C 155+£0.2 | 7.17£0.10
Graphite
ZrB,—20SiC—-10C Hot pressing, 1900°C, 1 h, 99.7 1490.8 £21.1 | 10.7 £0.9 6.1+04 [55]
30 MPa, Ar
ZrB,—20SiC—10C Hot pressing, 1900°C, 1 h, 99.7 1490.8 +21.1 n/d! 6.06 £0.21
30 MPa, vacuum
ZrB,—-20SiC—-15C 100.2 [481.0 £28.2 n/d! 6.11 £0.24
[56]
. 1
ZrB,—20SiC—-20C Hot pressing, 2000°C, 1 h, 98.1 |367.8+20.2 n/d 5.21 £0.18
ZrB,—208iC—30C 30 MPa, vacuum 972 [277.1+£102| n/d' |4.07+0.15
ZrB,—20SiC—10C Hot pressing, 1850°C, 1 h, 99.6 n/d' 16509 | 71£05 | [59]
20 MPa, vacuum
ZrB,—20SiC—10SiCy,—10C | Hot pressing, 1800°C, 1 h, 99.6 600 + 75 n/d! 6.4£0.6 [60]
30 MPa, Ar
ZrB,—20SiC—15C Hot pressing, 1900°C, 1 h, n/d' | 480 + 22 n/d! 6.1 £0.25 | [61]
30 MPa, Ar
ZrB,—20SiC—-15CL Hot pressing, 1900°C, 1 h, n/d' [481.0+£25.2| 11.2+£0.5 | 6.11£0.25 | [62]
30 MPa, vacuum
ZrB,—20SiC—15C]| n/d' [387.24+19.1|10.8+ 12 |4.30=+0.15
ZrB,—20SiC—-15C Hot pressing, 1900°C, 1 h, 99.6 498.8 n/d! 6.11 [64]
30 MPa, Ar
ZrB,—20SiC—15C Hot pressing, 1900°C, 1 h, n/d! 478 + 24 n/d! 6.1 £0.3 [67]
30 MPa, Ar
ZrB,—20SiC—15C Hot pressing, 1800°C, 1 h, 99 396 4.90 [72]
30 MPa, Ar
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol.63 No.14 2018
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Kic,
Composition, vol % Production conditions Prepy % Op, MPa Hy, GPa e 1y | Ref.
MPa mY
ZrB,—25SiC—11C? SPS, 1900°C, 7 min, 40 MPa, | 100 n/d! 18 4.9 [74]
vacuum
ZrB,—25SiC—20C? 100.7 16 6.7
ZrB,—25SiC—27C2 99.7 15 8.2
ZrB,—25SiC—33C? 98.3 12.1 -
ZrB,—20SiC—15.5C? SPS, 1950°C, 10 min, 318 n/d! 3.09 [76]
100 deg/min, 38 MPa
Graphene
ZrB,—25SiC—5wt % C; | Hot pressing, 1850°C, 1 h, 99.1 n/d! 15.7 £0.5 6.4+04 [85]
20 MPa, Ar
ZrB,—20SiC—Cg Hot pressing, 1950°C, 1 h, 98.9 698 £ 52 (22.93+1.83|6.07£0.25 | [86]
(2vol % GO) 30 MPa, Ar
ZrB,—20SiC—Cg 99.2 [1055+64 |22.76 £2.07| 7.32£0.37
(5vol % GO)
ZrB,—20SiCy—Cg Hot pressing, 1950°C, 1 h, 98.5 764 n/d! 6.6 [87]
(5vol % GO) 30 MPa, Ar
ZrB,—20SiCy—Cg 99.3 681 5.8
(10 vol % GO)
ZrB,—20SiC—0.5wt % Cg | SPS, 2000°C, 10 min, 30 MPa, n/d! 1050 n/d! 5.6 [88]
(ZrB,—20SiC—2.5C)> 100 deg/min, Ar
ZrB,—20SiC—1 wt % Cg 950 6.3
(ZrB,—20SiC—4.5C)?
ZrB,—20SiC—-2 wt % Cg 940 6.93
(ZrB,—20SiC—9.5C)?
ZrB,—20SiC—3 wt % Cg 630 4.58
(ZrB,—208iC—13.5Cg)?
Short carbon fibers
ZrB,—20SiC-20C; Hot pressing, 2000°C, 1 h, 99.3 445 £ 36 n/d! 6.56 [89]
30 MPa, Ar
ZrB,—20SiC-20C¢ Hot pressing, 2000°C, 1 h, 98.5 397 £ 42 n/d! 6.35+0.3 [90]
30 MPa, Ar
ZrB,—20SiC—-20Cs Hot pressing, 2000°C, 1 h, 98 445 £ 36 n/d! 6.56 £ 0. [91]
30 MPa, Ar
ZrB,—20SiC—-20C;¢ Hot pressing, 2000°C, 1 h, 99.3 445 £ 36 19.2 £0.8 6.6 £0.1 [93]
30 MPa, Ar
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63 No. 14 2018
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Kic,
Composition, vol % Production conditions Prepy % Op, MPa Hy, GPa e 1y | Ref.
MPa mY
HfB,—20SiC—20C; Hot pressing, 2100°C, 1 h, 99.5 n/d! n/d! 56102 | [94]
. 20 MPa, Ar
HfB,—20SiC—-30C¢ 99.3 57+£0.3
HfB,—20SiC—40C; 98.3 59+0.3
HfB,—20SiC—-50C; 98.1 6.1 £0.2
ZrB,—20SiC-30C; SPS, 1900°C, 100 deg/min, 98.7 345+ 54 n/d! 3.21£0.12 [98]
30 MPa
ZrB,—20SiC-30C;¢ Hot pressing, 1600°C, 2 h, 95.8 335+ 17 4.56 £ 0.13
30 MPa, Ar
ZrB,—20SiC—-30C—PyC | Hot pressing, 1600°C, 2 h, 95.3 317+ 12 6.16 £ 0.15
30 MPa, Ar
ZrB,—20SiC-30C;¢ Hot pressing, 1450°C, 2 h, 95.8 341 £ 21 n/d! 6.12+0.12 [99]
30 MPa, Ar
ZrB,—20SiC—-20C; Hot pressing, 1450°C, 2 h, 98.2 375+ 18 n/d! 5.20£0.19 | [100]
. 30 MPa, vacuum
ZrB,—20SiC-30C; 97.1 325+ 12 5.87 £0.17
ZrB,—20SiC—-40C;¢ 85.7 154 £ 7 3.12%+0.10
ZrB,—20SiC-50C; 80.4 98 t4 2.26 £ 0.05
ZrB,—20SiC—-10C¢ SPS 1850°C, 6 min, 30 MPa n/d! n/d! 14.8 6.8 [102]
Carbon nanotubes
ZrB,—20SiC—-2Ccnt Hot pressing, 1900°C, 1 h, n/d! 616 =97 15.5£0.9 46£0.6 [105]
(ZrB,—20SiC—9.5Ccnp)? | 30 MPa, Ar
ZrB,—20SiC—10Ccnt Hot pressing, 1850°C, 1 h, 93.9 n/d! 8.6+0.3 5.1%£0.8 [106]
20 MPa, Ar
ZrB,—20SiC—15Ccnt SPS, 1600°C, 25 MPa, 10 min 94.6 472 £ 46 11.5+£0.7 5.9%0.6 [107]
SPS, 1650°C, 25 MPa, 10 min 96.2 485 £ 35 12.8 £0.5 7.1£0.1
SPS, 1700°C, 25 MPa, 10 min 98.0 490 * 43 13.0+£0.5 7.2+0.3
SPS, 1750°C, 25 MPa, 10 min 99.1 565+ 16 16.0 £ 0.6 8.0£0.2
SPS, 1800°C, 25 MPa, 10 min 99.1 516 *+ 33 15.5+0.7 6.9+0.5
ZrB,—20SiC—10Ccnt SPS, 40 MPa, stepwise heating 99.7 1390.4+39 n/d! 9.5+0.8 [108]
] 1300 (5 min) — 1500 (5 min) —
ZrB,—20SiC—10Ccnr 1650°C (5 min), 150 deg/min, Ar| 99.7 n/d! 21.0+£0.7 n/d' [109]
37ZrB,—37HfB,—20SiC— | SPS, 1850°C, 10 min, 30 MPa, 99.5 n/d! 28.1 1.2 10.2 £ 0.3 [110]
6Cent vacuum, 100 deg/min
'Parameter was not determined or was not indicated in a reference.
2Conversion from wt % to vol % was performed by the authors of this review.
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY Vol.63 No.14 2018



1780

©

SIMONENKO et al.

1 pm

Fig. 4. Propagation of cracks produced by the indentation of a Vickers pyramid into (a) ZrB,—20 vol % SiC and (b, ¢) ZrB,—

20 vol % SiC—5 vol % C samples [54].

Sun et al. [53] studied the effect of the content of
carbon black (average particle size 200 nm) on the
mechanical properties of synthesized ceramic materi-
als. The ZrB,—20 vol % SiC—(5, 10, 15, and 30) vol %
C samples were produced as described above [52]. The
maximum density (99.9%) and the maximum flexural
strength (695.6 MPa) were observed for the samples
containing 10 vol % SiC, and the maximum Kjc

(6.5 MPa m'/?) was detected in the samples containing
5 vol % SiC. It was determined that the addition of
carbon to a content of above 15 vol % impairs the
mechanical properties because of the aggregation of
carbon black on grain boundaries.

Amorphous carbon nanospheres 100—200 nm in
diameter were used for producing ZrB,—20 vol %
SiC—(0, 5, and 10) vol % C UHTC by hot pressing at
2000°C for 1 h at a load of 30 MPa. It was observed
that, under these conditions, carbon graphitization
begins: the X-ray powder diffraction patterns of the
samples containing 10 vol % C had the corresponding
reflections. With increasing carbon content, the hard-
ness systematically decreased, and the fracture toughness
somewhat increased: the maximum K¢ (7.52 MPa m'/?)
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was reached at a carbon content of the ceramics of
5vol %. The crack arrest during failure was primarily
due to crack deflection and branching (Fig. 4) because
carbon concentrated at grain boundaries weakened
the intergrain interactions.

Thus, the addition of a small amount of amorphous
carbon (to a content of 5—10 vol %) improves the sin-
tering of UHTC and increases fracture toughness,
which is accompanied by a certain decrease in flexural
strength and hardness. The properties of produced
ceramics are likely to strongly depend not only on the
amount of the introduced amorphous carbon and the
production conditions of the ceramics, but also on the
uniformity of the carbon distribution in the bulk of the
material and the dispersity of carbon, unfortunately,
the available data are scarce and do not enable one to
determine general regularities of the changes in the
properties.

Note, however, that, because the carbon compo-
nent is primarily distributed at grain boundaries and
the temperature of the production of the ceramics are
quite high, the samples are purified in situ so that the
Zr0, and SiO, oxide impurities are removed. This was
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considered [52] to be the cause of the observed
increase in the thermal conductivity.

2.2. Modification by Graphite Micro- and Nanoflakes

The data on the modification of ZrB,/HfB,—SiC
ultra-high-temperature ceramic materials by graphite
particles shaped as flakes with a high diameter-to-
thickness ratio are most abundant. Many researchers
regard them as a substitute for SiC whiskers in the con-
text of the possibility of increasing the fracture tough-
ness of materials, including by bridging and also by the
relaxation of stresses near the crack tip against the lay-
ered materials. It was these arguments, as well as the
ability of graphite flakes to self-lubrication during
compaction, that guided Zhang et al. [55] and other
authors in choosing a modifying component for
UHTC.

2.2.1. ZrB2-20 vol % SiC—10 vol % C, hot press-
ing. Zhang et al. [55] produced the ZrB,—20 vol %
SiC—10vol % C ceramic materials with a density of
99.7% by hot pressing using graphite flakes 15 um in
diameter and 1.5 um in thickness at 1900°C for 1 h at
a uniaxial load of 30 MPa in argon. The X-ray powder
diffraction analysis showed the presence of a ZrC
impurity, which formed by the carbothermal reduc-
tion of ZrO, on the surface of ZrB, particles and was
introduced by grinding by ZrO, balls. The flexural
strength was 491 MPa, and the Vickers hardness was
10.7. The fact that the value K;c = 6.1 MPa m'/? was
elevated in comparison with that for the unmodified
material was explained [55] by more complex mecha-
nism of failure, in which there were both crack deflec-
tion and branching, and signs of stretching of graphite
flakes.

Wang et al. [56] demonstrated that an increase in
the content of graphite flakes in producing UHTC to
15 vol % under similar conditions of the synthesis of
ceramics did not allow considerably increase the fracture
toughness but caused a decrease in G; to 481 MPa.
A simultaneous increase in the content of graphite
flakes to 20 and 30 vol % and in the hot-pressing tem-
perature to 2000°C led to a decrease both in the flex-
ural strength (to 368 and 277 MPa, respectively) and in
Kic (to 5.21 and 4.07 MPa m'/?), which was explained
[56] by the fact that, in comparison with the ZrB,—
20 vol % SiC—(10, 15) vol % C samples, the samples
containing 20 and 30 vol % C were characterized by
higher (by 2—3%) porosity and the larger sizes of
grains of the main phases. The thermal shock resis-
tance described by the critical crack size in brittle fail-
ure systematically decreased with increasing carbon
component content.

Jin et al. [57] studied the thermal resistance of the
ZrB,—20 vol % SiC—10 vol % C material obtained
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according to a similar procedure [55, 56]. In this study,
the temperature difference was created not by quench-
ing in water after heating but by rapid (4—11 s) electri-
cal heating to a temperature at the center of the sample
of 200—2000°C with subsequent cooling (4—7 s), with
the heating rate being varied from 200 to 500 deg/min.
The oxygen pressure in the chamber was maintained at
0O, =200 Pa. Jin et al. [57] showed that, at the mini-
mum rate of heating to temperatures <1600°C, the
residual o, systematically decreased to ~400 MPA, and
within the range 1600—1800°C, the residual strength
increased to 450—470 MPa, which was due to healing
of defects on the surface during the formation of the
borosilicate glass layer and to the generation of a com-
pressive stress in the oxide layer. At a temperature
>1800°C, the residual strength decreased to ~270 MPa.
At the maximum heating rate, the residual strength did
not increase: G; systematically decreased to 170 MPa
(2000°C), probably, for lack of time for the formation
of an oxidized layer on the surface of the ceramics.

In another work [58], Jin et al. obtained close results:
the experiment was carried out over a wider temperature
range (to 2500°C) at a heating rate of 300 deg/min. It was
observed that, on heating to 2500°C, the samples
failed.

Using graphite nanoparticles (average size 10—80 nm)
[59] in hot pressing in vacuum at reduced temperature
(1850°C) and reduced load (20 MPa) enabled one to
produce ZrB,—20 vol % SiC—10 vol % C samples with
high hardness (H, = 16.5 GPa) and high fracture
toughness (7.1 MPa m'/?). The average ZrB, grain size
in the modified samples was half as large as that in the
ZrB,—20vol % SiC materials (6.9 lim as against 3.2 um).
In the failure of the samples because of the introduc-
tion of nanosized graphite particles, there were crack
deflection and branching, bridging, crack stress relax-
ation on the layered nanomaterial, and also pullout of
graphite planes from grains of graphite nanoflakes.

Improvement of the mechanical properties was
shown [60] to be promoted both by using ZrB,
nanoparticles and by introducing the second, also
nanosized, modifying component—SiC whiskers (to
the final UHTC composition ZrB,—20 vol % SiC—15
vol % C). It was determined that the flexural strength
increased to 600 £ 75 MPa (which may be related to a
partial load transfer to SiC whiskers), and the fracture
toughness was 6.4 = 0.6 MPa m'/2.

2.2.2. ZrB,—20 vol % SiC—15 vol % C, hot press-
ing. Wang et al. [61] investigated the effect of the con-
tent of graphite flakes in producing ZrB,—20 vol %
SiC—15 vol % C ceramic materials by hot pressing
(1900°C, 1 h, 30 MPa, Ar) on the mechanical proper-
ties of the materials. By and large, the obtained data
[61] agree with those considered above [56]: the flex-
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Fig. 5. Retained flexural strength after heating to an indi-
cated temperature in air and quenching in water for sam-
ples ZrB,—20 vol % SiC (ZS) and ZrB,—20 vol % SiC—
15 vol % C (ZSC) [61].

ural strength was 480 MPa (which was 8% lower than
that for the unmodified material ZrB,—20 vol % SiC),

and the fracture toughness was 6.1 MPa m'/? (which
was 30% higher than the value for ZrB,—20 vol % SiC
[61], but differed insignificantly from the value for
ZrB,—20 vol % SiC—10 vol % C [55, 56]). The
increase in the thermal conductivity throughout the
temperature range (30—1000°C), which was ensured
by introducing the high-thermal-conductivity graph-
ite particles, provided elevated thermal shock resis-
tance in quenching of heated samples in water (Fig. 5).
It was noted [61] that, as it was also inherent in the
samples containing 10 vol % C, the hot pressing ori-
ented graphite particles in the direction perpendicular
to the pressing axis (which caused anisotropy of the
properties), and at grain boundaries there were micro-
cracks formed because of the difference in linear ther-
mal expansion coefficient between the components of
the ceramic.

Zhou et al. [62] showed that the difference in the
mechanical properties because of the preferential ori-
entation of graphite flakes in the bulk of UHTC was
quite significant. For example, for the ZrB,—20 vol %
SiC—15 vol % C sample, the flexural strength in the
direction perpendicular to the hot-pressing direction
was 20% higher than that in the parallel direction (in
which the material fails along the plane of graphite
flakes), and the fracture toughness was 30% higher.

Hu et al. [63] discussed the thermal resistance in air
and in vacuum for composites that contained 15 vol %
graphite and were obtained similarly [55—57, 61, 62].
Generally, the results of measuring the residual
strength after heating to a given temperatures and
quenching agreed with the data obtained [57] on the
Z1rB,—20 vol % SiC—10 vol % C sample: in a vacuum,
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Fig. 6. Residual flexural strength after heating to an indi-
cated temperature in air and in vacuum with subsequent
quenching in water for the ZrB,—20 vol % SiC—15vol % C
samples [63].

the strength systematically decreased because of the
generation of additional thermal stresses (and at AT >
1200°C, most of the samples failed), whereas in air the
dependence was more complex (Fig. 6).

Hu et al. [63] demonstrated that, only on heating in
air at the temperature of 1200°C and higher (to
~1700°C), SiC began to be oxidized to form the flaw-
healing borosilicate glass on the surface. Increasing
temperature improved the wettability of the surface of
the material by liquid glass, which led to an increase in
the residual strength to 530 MPa (1700°C), i.e., to a
value that was even higher than the strength of the ini-
tial UHTC. At AT = 1800°C, ZrO, particles on the
surface had still been fully coated with glass, but bub-
bles indicating active gas formation were already form-
ing in the glass. At AT =1900°C on heating in air, on
the surface, there was already primarily dense ZrO,,
the increase in the volume of which was considered
[63] to be the cause of a certain sealing of the surface
flaws and a relatively high flexural strength (~400
MPa). Thus, it was confirmed that the surface oxida-
tion of ZrB,—20 vol % SiC—15 vol % C ceramics can
have a considerable effect on their mechanical proper-
ties.

Wang et al. [64] examined the change in the
mechanical properties in the course of the surface oxi-
dation at 1100°C in dry and wet air. It was found that,
in these cases, the composition and the microstruc-
ture of the surface layer of the ceramic composite dif-
fered significantly. In the oxidation in dry air, on the
surface, a continuous (or, after long-term holding for
60 and 90 min, cracked) glass layer based on primarily
B,0; formed (SiC at this temperature was oxidized
insignificantly). After heating of the samples in wet air,
the presence of a glass phase on the surface was insig-
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Fig. 7. Change in the fracture toughness of the ZrB,—20 vol % SiC—15 vol % C samples after their 10-min heating in vacuum and

in air [65].

nificant, and H;BO; flakes primarily formed. It was
shown that, although crack healing was more efficient
in the oxidation of composites in dry air, the residual
strength after introducing a defect in both cases
increased from 371.7 to 469.9 (dry air) or 449.3 (wet
air) MPa.

Specific features of the oxidation in vacuum and in
air were considered [65] to explain different kinetics of
the decrease in the high-temperature fracture tough-
ness on heating samples to a given temperature and
holding for 10 min (Fig. 7): in the latter case, K;- was
much higher. It was indicated [65] that the brittle-to-
ductile transition temperature was ~1300°C.

Niu et al. [66] and Jin et al. [67] investigated the
directed healing of cracks on the surface of UHTC
samples obtained under the described conditions by
the oxidation by the atomic oxygen at the low pressure
(50 Pa, O, : Ar =1 : 4). It was shown [66] that the
residual strength after creating the defect in the form
of the crack (194.5 MPa) increased to 218 (1400°C)
and 260 MPa (1600°C), which was explained [66] by
healing the crack owing to an increase in the volume
because of the formation of zirconium dioxide by the
oxidation and its phase transformation #-ZrO, — m-
Zr0,, and also thanks to the filling of the crack tip
with detached ZrO, particles driven by the liquid
borosilicate glass.

Jin et al. [67] studied the changes in the mechanical
properties of the material without specially creating a
defect during the oxidation by the atomic oxygen at
the pressure in the chamber of 50 Pa [67]. Both the
strength and the fracture toughness decreased with
increasing temperature to 1600°C (holding time 30 min)
from 478 to 372 MPa and from 6.1 to 4.2 MPa m'/2,
respectively. The same trend was also observed with
increasing holding time at the temperature of 1600°C

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63

from 5 to 90 min. Such behavior was explained [67] by
an increase in the thickness of the porous oxidized
layer based on ZrO,; this layer was more prone to peel
off from the unoxidized part of the material than in the
case of the oxidation in air, when there was the boro-
silicate glass layer on the surface.

Wang et al. [68] studied the changes in the
mechanical properties of the ceramic materials of the
above composition as the result of their annealing at
1600—1800°C without load in argon in order to relax
stresses generated by hot pressing of components with
widely different thermal expansion coefficients. It was
shown that, with increasing temperature and duration
of heat treatment, the flexural strength increased from
480 to 577 MPa (1800°C, 60 min), and the fracture
toughness decreased from 6.11 to 5.03 MPa m!/2. At
the same time, the Vickers hardness changed non-
monotonically: the maximum value was reached after
heat treatment at 1700°C for 90 min.

Wang et al. [69], Zhang et al. [70], and Chen et al.
[71] considered the results of measuring the tensile
strength of hot-pressed UHTC containing 15 vol %
graphite flakes. Wang et al. [69] measured the high-
temperature strength within the range 1300—1800°C.
It was found that, in comparison with the value ¢ =
134 MPa measured at room temperature, the strength
at the temperature of 1800°C dropped to 60 MPa. Pre-
oxidation of the surface at 1550—1750°C for 10 min
[70] led to a systematic decrease in the strength from
118.2 to 21.8 MPa. Chen et al. [71] demonstrated that
preloading of samples with tensile stress (30—60 MPa)
led to a significant decrease in the number of cycles of
heating to the temperatures of 1900 and 2500°C until
failure of the material.

Decreasing temperature of hot pressing of the
ZrB,—20 vol % SiC—15 vol % C ceramics to 1800°C
was reported [72] to lead to lower values of the flexural
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strength (o; = 396 MPa) and the fracture toughness
(Kic =4.90 MPa m'/?).

2.2.3. Spark plasma sintering. Works about spark
plasma sintering (SPS) synthesis of UHTC modified
by graphite flakes are much fewer than those on using
hot pressing. In the earliest work [73], for improving
spark plasma sintering of ZrB,—30 vol % SiC at
1750°C, graphite to the content of 2 wt % (~8.8 vol %)
was added; the compacting kinetics was improved, but
it was noted that, by this method, oxide impurities
cannot be removed from the surface of ZrB, and SiC
particles.

Shahedi Asl et al. [74] studied the effect of the con-
tent of the added nanosized graphite component in
ZrB,—25 vol % SiC—(0, 2.5, 5, 7.5, 10) wt % C mate-
rials in SPS in vacuum at 1900°C for 7 min at a load of
40 MPa. It was determined that, because of carbother-
mal processes involving oxide impurities, on the sur-
face of ZrB, and SiC particles in samples containing
Swt % (~20 vol %) carbon, a density of 100.7% was
observed (the X-ray powder diffraction patterns
showed reflections of ZrC and B,C). With increasing
content of the graphite component in UHTC, there
were a systematic decrease in the ZrB, grain size in the
ceramics and a decrease in the hardness from 19.5 (0%
C) to 12.1 GPa (10 wt % C) and in Young’s module
from 478 (0% C) to 385 GPa (10 wt % C). The fracture
toughness increased from 4.3 (0% C) to 8.2 MPa m'/?
(~7.5 wt % C). Along with crack deflection and
branching, crack bridging by graphite flakes and pull-
out of graphite planes were also observed.

To reach the maximum densification of UHTC,
Shahedi Asl [75] performed the Taguchi analysis to
optimize such process parameters as the composition
of ZrB,—25 vol % SiC—(0, 2.5, 5, 7.5, 10) wt % C
ceramic composite, temperature, holding time, and
load in SPS. Shahedi Asl [75] established that the
maximum contribution to the densification was made
by an increase in the SPS temperature and the graphite
content. The following parameter values were chosen
to be optimum: the maximum studied SPS tempera-
ture (1900°C), the maximum SPS load (40 MPa), the
holding time 7 min, and the graphite nanoflake con-
tent 5wt % (20 vol %).

Somewhat aside is Cheng et al.’s work [76], in
which spark plasma sintering was applied to the ZrB,—
SiC—C composite nanopowders synthesized by the
sol—gel method. Note that the sol—gel synthesis of the
ZrB,/HfB,—SiC—C composite nanopowders for pro-
ducing UHTC based on them is a highly promising
and actively developed research area [77—80]. In
recent works [81—84], the ceramic materials were pro-
duced by hot pressing or spark plasma sintering of the
MB,—(Si0,—C) composite powders synthesized by
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the sol—gel method, and the oxidation of these mate-
rials in sub- and supersonic dissociated air flows were
studied. In general, this method has a lot of advan-
tages; first of all, it enables one to obtain the nano-
structured powders the components of which are max-
imally uniformly distributed in each other.

In Cheng et al.’s work [76], in mixing precursors
(Zr(OPr),, Si(OC,Hs),, H;BO;, and C¢H ,0; (sorbi-
tol)), an excess of the organic component was inten-
tionally used, which made it possible, after gel forma-
tion, drying, and carbothermal synthesis, to obtain the
ZrB,—20 vol % SiC—3.5 wt % C composite powder.
Noteworthily, before spark plasma sintering at 1950°C
(10 min, 100 deg/min) and 38 MPa, the carbon phase
was the X-ray amorphous, whereas in UHTC, accord-
ing to the Raman spectroscopy and X-ray powder dif-
fraction data, graphite layers formed. Probably,
because of the fact that, directly at SPS, the carbon
component was, in substance, carbon black, and its
content was high enough (~15.5 vol %), the measured
values of the flexural strength and the fracture tough-
ness were moderate 318 MPa and 3.08 MPa m'/,
respectively.

Analyzing the data of Table 1, which summarizes
the existing information on mechanical properties of
UHTC modified by graphite flakes, one can conclude
that using nanoparticles improves the mechanical
properties, probably, both by increasing the length of
grain-boundary cracks and by ensuring more uniform
distribution of components in the bulk of the material.
A certain additional increase in the fracture toughness
by modification by graphite flakes in comparison with
the case of addition of amorphous carbon may be due
to the emergence of additional mechanisms of crack
arrest, which are possible owing to the layered struc-
ture of graphite—bridging and pullout of graphite
planes.

2.3. Modification by Graphene

The transition from modification by graphite flakes
to modification by graphene is locical and practical
because graphene has all the advantages of graphite
layers and, on top of all, still higher ratio of the diam-
eter of a particle to its thickness, which increases the
toughening efficiency. For example, Yang et al. [85]
modified the ZrB,—25 vol % SiC ceramic material by
adding 5 wt % graphene with an average particle diam-
eter of 4—12 um and an average particle thickness of
2—18 nm. A graphene powder was ultrasonically dis-
persed in ethanol, and to the obtained dispersion,
ZrB, and SiC powders were added. After drying,
grinding, and hot pressing at 1850°C (1 h) and 20 MPa,
the ceramic material was produced, which has a den-
sity of 99.1% and elevated (in comparison with the unre-
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Fig. 8. Crack propagation in (a) ZrB,, (b) ZrB,—SiC, and (c, d) ZrB,—SiC—Cg ceramics [85].

inforced material) values of the hardness (15.7 £ 0.5 GPa,
Table 1) and the fracture toughness (Kjc = 6.4 MPa m'/?).
Yang et al. [85] noted that the toughening was due to
crack deflection (including at the boundaries of
graphene flakes (Fig. 8)), crack branching, and pull-
out of graphene flakes. It was also detected that
graphene particles in the produced ceramics were
highly agglomerated.

To mitigate the problem of agglomeration of
graphene particles, the ZrB,—20 vol % SiC ultra-high-
temperature composite was modified [86] by graphene
oxide (GO), which is well stabilized in ethanol and
readily reducible to graphene on heating in vacuum to
1100°C. To a GO dispersion, ZrB, and SiC powders
were added in ratios necessary for obtaining materials
containing 2 and 5 vol % graphene oxide. Hot pressing
in argon at 1950°C for 1 h at a load of 30 MPa gave
samples with densities 0of 98.9 (2 vol % GO) and 99.2%
(5 vol % GO). The Raman spectroscopy data sug-
gested the absence of GO and the formation of multi-
layer graphene flakes. With increasing graphene con-
tent, there was increase in all the measured mechani-
cal parameters: flexural strength (to 1055 = 64 MPa),
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Vickers hardness (to 22.76 £ 2.07 GPa), and fracture

toughness (K, °° = 7.32 + 0.37 MPa m'/2). Figure 9
illustrates specific features of crack propagation and
indicates crack deflection, pullout of graphene flakes,
and bridging with their participation.

In an ideologically congenial work [87], to reach a
synergistic effect of the silicon-containing compo-
nent, SiC whiskers were used, and the GO content of
the initial composite powders was increased to 5 and
10 vol %. Hot pressing was carried out as described
above [86], and the obtained ceramic samples had
somewhat lower densities of 98.5 (5 vol % GO) and
99.3% (10 vol % GO). Increasing graphene content
from 5 to 10 vol % led to a decrease both in the flexural
strength from 764 to 681 MPa and in the fracture
toughness from 6.6 to 5.8 MPa m!/2, which was also
attributed [87] to the agglomeration of graphene flakes
during hot pressing. It was noted that, at a GO content
above 20 vol %, the mechanical properties of the pro-
duced composite materials were still worse.

Yang et al. [88] indicated peculiarities of the elec-
trostatic interaction in a suspension of graphene oxide
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particles with ZrB, and SiC particles, which have
opposite surface charges. This allowed one to obtain
more stable dispersions and ensure uniform distribu-
tion of components in the bulk of the ZrB,—20 vol %
SiC—(0—3) wt % C ceramic materials on their basis.
The ceramic composites were produced by SPS at
2000°C (heating rate 100 deg/min, holding time 10 min)
and a load of 30 MPa. With increasing graphene con-
tent of UHTC from 0.5 to 2 wt %, the flexural strength
did not virtually decrease (~1050 — ~940 MPa), and
the fracture toughness increased from 5.6 to 6.93 MPam'/%;
increasing graphene content to 3 wt % also abruptly
decreased both 6; (~630 MPa) and K (4.58 MPa m'/?),
which may be caused by the formation of aggregates of
the carbon components. Moreover, it was noted [88]
that the thermal conductivity of the optimal compos-
ite containing 2 wt % graphene exceeded that of the
unmodified composite by 42%. The combination of
the high fracture toughness and the high thermal con-
ductivity led to the fact that the obtained samples had
high thermal resistance (Fig. 10, heating to a given
temperature and quenching in water); for the ZrB,—20
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vol % SiC—2 wt % Cg sample, 6;= 8§29 MPa remains
to 500°C.

Thus, the introduction of graphene in the case of its
uniform distribution in the bulk of ultra-high-tem-
perature ceramic materials and the absence of signifi-
cant aggregation enables one to produce materials in
which high flexural strength is combined with the
good fracture toughness.

2.4. Modification by Short Carbon Fibers

The introduction of short carbon fibers to ultra-
high-temperature ceramic composites is an obvious
solution for improving the fracture toughness of the
latter. Implementation of the concept of the ceramic
matrix composites with the corresponding matrix is a
technological challenge: depending on the parameters
of the C; skeleton, produced materials are character-
ized by a clear anisotropy of properties. As reported
[89, 90], using short carbon fibers allows one to apply
methods that are typically used for producing isotro-
pic ceramic materials.
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(d) 50 [95].

Yang et al. [89] indicated a 54% increase in the
fracture toughness after modification of ZrB,—20 vol %
SiC—20 vol % C; composite (K;c = 6.56 MPa m'/?)
synthesized by hot pressing at 2000°C (1 h) and a uni-
axial load of 30 MPa. In this synthesis, TSOOH fibers
(Japan) 5 um in diameter and 2 mm in initial length;
after cogrinding of the powders, the fiber length
decreased to 200 um. The flexural strength was 445 +
36 MPa at a density of the material of 99.3%.
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In Guo et al.’ [90] and Guo’s [91] works, in which
the production of samples might probably differ from
that in Yang et al.’s study [89] only at the stage of
grinding of the initial powders, for materials of a simi-
lar composition with a density of 98.5%, somewhat
worse values were obtained: 6; = 397 + 42 MPa and

¢ = 6.35 £ 0.3 MPa m'2, In both cases, the intro-
duction of carbon fibers was noted to decrease the
growth of ZrB, grains in the producing of ceramic
materials. Because of the high hot-pressing tempera-
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Fig. 12. Microstructures of the surface of a crack in ZrB,—20 vol % SiC—30 vol % C—PyC material [98].

ture (2000°C), not only did a ZrC phase form as the
product of the reaction of zirconium dioxide impurity
with carbon, but also graphitization of fibers began,
which in failure, because of a weak adhesion between
the fibers and the matrix, resulted in relatively easy
pullout of fibers.

It was shown [92, 93] that the weight loss in the oxi-
dation of the above [89—91] materials both under the
conditions of the differential scanning calorimetry in
an air flow (to 1500°C) and in the flame of an oxyacet-
ylene torch was somewhat higher than that for the
Z1rB,—20 vol % SiC material.

Gui et al. [94] and Hu et al. [95] attempted to obvi-
ate the problem of degradation of carbon fibers by
graphitization in producing UHTC at the temperature
of ~2000°C: they used fibers of another type, XNG-90
pitch-based carbon fibers (Japan), which do not exfo-
liate at temperatures >1600°C. Gui et al. [94] pro-
duced the HfB,—20 vol % SiC—(20—50) vol % C;
composites by hot pressing (with adding 2 wt % B,C
and 1 wt % C from resin) at the temperature of 2100°C
(1 h) and the pressure of 20 MPa. With increasing car-
bon fiber content of the samples from 20 to 50 vol %
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[94], there are some decrease in the density from 99.5
to 98.1%, a systematic increase in the fracture tough-
ness from 5.6 to 6.1 MPa m!/?, and a virtually linear
decrease in the thermal conductivity from 93.8 to
54.4 W/(m K), despite the high thermal conductivity
of the introduced fibers. The last fact was explained
[94] by the existence of an interphase stress at the
fiber—matrix interface. The flexural strength mea-
sured at 1600°C for all the composites turned out to be
higher than that measured at room temperature: ~340
(1600°C, 20 vol % C;), ~260 (room temperature,
20 vol % C,), ~160 (1600°C, 50 vol % C;), and ~280
(1600°C, 50 vol % C,).

Hu et al. [95] produced the ZrB,—20 vol % SiC—
(10—50) vol % C;materials also using pitch-based car-
bon fibers according to a similar procedure [94] at the
lower temperature of 2000°C. As Fig. 11 shows, the
distribution of fibers in the bulk of the composites was
uniform, and there were no their aggregates. The den-
sity of the obtained samples decreased with increasing
carbon fiber content of them from 99.8 to 98.1%, and so
did the thermal conductivity—from 96 to 48 W/(m K).
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Fig. 13. Crack propagation on the surface of the ZrB,—20 vol % SiC—30 vol % C¢sample [99].

Hot pressing was also used [96, 97] to explore, by
the Taguchi methods, the possibility of obtaining the
densest samples [96] and samples with the minimum
size of ZrB, and SiC grains [97]. It was determined
that, within the composition range ZrB,—(25—15) vol %
SiC—(5—15) vol % C; (C; were made by Torayca Sig-
matex Ltd., UK), the temperature range 1700—
1850°C, holding time range 30—90 min, and load
range 8—16 MPa, the optimal conditions in both cases
were the composition of ZrB,—20 vol % SiC—10 vol %
C;, the temperature 1850°C, the pressure 16 MPa, and
the holding time 30 min.

Shahedi Asl [98] investigated the effect exerted on
the mechanical properties of the ZrB,—20 vol % SiC—
30 vol % Ccomposites by using nanosized ZrB, at the
relatively low temperature hot pressing (1600°C to
avoid destruction of TS00H carbon fibers) and also by
the application of a pyrocarbon interphase to fibers.
To intensify the densification at low hot-pressing tem-
perature, the process duration was increased to 2 h,
with the load being 30 MPa. For the samples in which
the fibers were coated with pyrocarbon and in which
the fibers were not coated, the relative density was 95—
96%, and the flexural strength in the former case was
lower (317 MPa) than that in the latter (335 MPa).
However, owing to the creation of an interphase, the
fracture toughness increased significantly from 4.56 to
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6.16 MPa m!/2. In failure, there were crack deflection
and branching, bridging, and fiber pullout, being par-
ticularly characteristic of the ZrB,—20 vol % SiC—30 vol
% C—PyC samples (Fig. 12), which were reported
[98] to exhibit nonbrittle fracture. The thermal shock
resistance determined from the residual strength of the
samples after heating and quenching in water for the
ZrB,—20 vol % SiC—30 vol % C,—PyC samples was
higher: AT, increased from 660 to 773°C.

A still lower hot-pressing temperature was used by
Balak et al. [99] for the producing ZrB,—20 vol %
SiC—30vol % C; materials at 1450°C (2 h, load 30
MPa, Ar). Using nanosized (150 nm) ZrB, and finely
divided (450 nm) SiC under these conditions resulted
in a density of 95.8%, a flexural strength of 341 & 21 MPa,
and a fracture toughness of 6.12 MPa m'/2. Nonbrittle
fracture of the samples owing to the alignment of the
fibers along the Ci-matrix interphase was also detected
[99] (Fig. 13). The estimated value of AT was close to
the above value [98] and was 754°C.

Because Balak et al. [99] demonstrated the possi-
bility of producing sufficiently dense composites
owing to the use of finely divided initial ZrB, and SiC
powders, Nasiri et al. [100] considered the effect of the
carbon fiber content (from 20 to 50 vol %). Hot pressing
was performed similarly [99], but in vacuum (~20 Pa).
For the samples containing no more than 30 vol %
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Fig. 14. Flexural deformation of the ZrB,—SiC—C; com-
posites with various fiber contents [100].

carbon, the relative density was 97—98%, and with
increasing C;content, it decreased to 80.4% (50 vol % C).
For the samples containing 20 and 30 vol % C;, the
flexural strengths were 375 and 325 MPa, respectively,
and the fracture toughness increased from 5.7 to
5.87 MPa m'/2. For the ZrB,—20 vol % SiC—(20—
50) vol % C;samples, an increasing effect of the rein-
forcing fibers in failure was observed (Fig. 14).

Tian et al. [101], Shahedi et al. [102], and Lin et al.
[103] made the Taguchi analysis of the optimal combi-
nations of process parameters of SPS production of
the ZrB,—SiC UHTC and their composition to reach
the best values of fracture toughness [101], hardness
[102], and thermal resistance [103]. Tian et al. [101]
also analyzed possible additives MoSi,, ZrC, and
HfB,. They determined that the largest contribution to
the increase in the fracture toughness was made by an
increase in the SHS temperature and the optimization
of the SiC content, the addition of ZrC and MoSi,
were of much less importance, and of still lower signif-
icance were holding time, C; content, and time of
grinding of the powders. The production of the hard-
est samples was also maximally affected by an increase
in the SPS temperature [102]; for the optimal, in the
authors’ opinion, the composition ZrB,—20 vol %
SiC—0 vol % C;of the materials synthesized by SPS at
1850°C (6 min) and 30 MPa, it was found that H, =
14.8 GPa and K- = 6.8 MPa m!/2. According to Lin
etal. [103], the thermal resistance was most influ-
enced by the HfB, content, less influenced by the SiC
content, and still less influenced by the holding time in
SPS. Addition of C; was reported [103] to have the
least influence.

In the conclusion of this section, we should add
that Nisar et al. [104] studied the dependence of the

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63

SIMONENKO et al.

main properties (density, hardness, and fracture
toughness) on the content of nanosized SiC (~40 nm)
and carbon fibers (1.5 um in diameter) in pressing
(200 MPa) with subsequent sintering at 2100 and
2150°C. It was found, that the best characteristics were
reached at the SiC,,,,, content of 10 wt %, and increas-
ing C;content led to a systematic decrease in the hard-

ness. The maximum K;- = 6 MPa m'/? was detected at
10wt % SiC and 2.5 wt % C; (2150°C).

In summary, we can say that the introduction of
the reinforcing phase of short carbon fibers is a prom-
ising way to obviate the problem of brittle fracture of
UHTC and significantly increases the thermal resis-
tance. Using high temperatures in hot pressing or
spark plasma sintering leads to degradation of the
modifying component C;, which adversely affects the
properties of the composite as a whole. Using pitch-
based carbon fibers, which are more resistant to high
temperature, did not cause fundamental improvement
of the properties. To reduce the sintering temperature,
it was proposed to use the nanodispersed components
ZrB,/HfB, and SiC, but this may be the cause of the
emergence of zirconium or hafnium oxide impurity.

It should also be noted that using carbon fibers
about several micrometers in diameter may lead to sig-
nificant impairment of the oxidation resistance of
UHTC, particularly at high fiber contents.

2.5. Modification by Carbon Nanotubes

Nisar et al.’s work [105] was the one of the first
studies of the introduction of carbon nanotubes
(CNT) to UHTC. For this purpose, CNT (d = 10-20
nm) were ultrasonically dispersed in the butanol with
subsequent addition of ZrB, and SiC powders in the
ratio ZrB,—20 vol % SiC—2 wt % Ccnr; the powder
obtained after drying and grinding was hot-pressed at
1900°C (1 h) and a load of 30 MPa. The flexural
strength of the obtained samples was 616 = 97 MPa,
the hardness was 15.5 = 0.9 GPa, and the fracture
toughness only slightly (~15%) exceeded that of the
unmodified samples [101]. Such the results were
explained [105] by too strong binding between the
nanotubes and the ceramic matrix and by destruction
of CNT during high-temperature compaction.

Nisar and Balani [106] showed that, in producing
the ZrB,—20 vol % SiC—10 vol % Ccnt material, the
nanotubes are agglomerated primarily on the surface
of SiC particles, thus preventing oxide impurities from
being removed from the surface of ZrB, in hot pressing
(1850°C, 1 h, 20 MPa). It was stated [106] that the ele-
vated fracture toughness (Kjc = 5.1 + 0.8 MPa m'/? at
a density of 93.8%) of this material was due to mani-
fold crack deflections at grain boundary and also to
possible pullout of the nanotubes in failure (Fig. 15).
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Fig. 15. Schematic representation of the path of a crack along the boundary of a SiC grain in the ZrB,—SiC composites reinforced

and unreinforced with CNT [106].

Spark plasma sintering was also used for obtaining
CNT-modified composites based on MB,—SiC [107—
110]. A study was made of the effect of the process
temperature on the mechanical properties of ZrB,—
20 vol % SiC—15 vol % Ccyr at constant holding time
(10 min) and constant load (25 MPa) [107]. With
increasing SPS temperature from 1600 to 1750°C,
there are both densification (the density increased
from 94.6 to 99.1%) and an increase in o; (472 —
565 MPa), Hy (11.5 — 16.0 GPa), and K (5.9 —

8.0 MPa m'/?), and in the process at 1800°C, the den-
sity remains unchanged, and all the other quantities
considerably decreased, which was ascribed [107] to
an abrupt increase in the ZrB, grain size from 2.0

(1750°C) to 3.4 um (1800°C).

Zhang et al. [108] and An et al. [109] produced the
ZrB,—20 vol % SiC—10 vol % Ccnp ceramic materials
by SPS using stepwise heating 1300 — 1500 — 1650°C
with holding for 5 min at each step (heating rate
150 deg/min, load 40 MPa, Ar). In this case, the den-
sity was 99.7%, which was likely to be the cause of the
fact that the flexural strength of the CNT-modified
composite (390.4 MPa) exceeded that of the ZrB,—
20vol % SiC ceramic obtained under similar condi-
tions. The high K;c = 9.5 + 0.8 MPa m'/? was assigned
[108] to a decrease in the residual interphase stresses
between the matrix and the reinforcing filler, which
was ensured by the chosen pressing method. Figure 16
illustrates the authors’ concepts of the synergistic
effect on the fracture toughness owing to the simulta-
neous presence of the silicon carbide particles and car-
bon nanotubes.
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Exposure of the surface of the ZrB,—20 vol % SiC—
10 vol % C 1 samples for 30 s to an air flow (heat flux
2.5 MW/m?, T, = 2750°C) using a plasma arc jet did
not change the appearance, and the carbon nanotubes
were found (by Raman spectroscopy) to be present
both in the unoxidized region and in the oxidized layer
consisting primarily of ZrO, and SiO, [109]. An ele-
vated high-temperature thermal conductivity of the
obtained material of the ZrB,—20 vol % SiC—10 vol %
Ccnt Was noted. This manifested itself in the fact that
the temperature of the opposite part of the sample
during the test for this material was the higher than
that for ZrB,—20 vol % SiC.

The interesting data were published on the synthe-
sis and properties of 37 vol % ZrB,—37 vol % HfB,—
20 vol % SiC—6 vol % Ccnt composite material [110].
By SPS in vacuum (1850°C, holding time 10 min,
30 MPa), the samples with a density of 99.5% were
obtained. The hardness of the material was 28.1 GPa,
and the fracture toughness was 10.2 MPa m'!/2
According to the X-ray powder diffraction data, the
SPS conditions turned out to be sufficient for the solid
solution ZrB,—HfB, to form. Such significant
improvement of the properties was attributed [110] to
the fact that the addition of two modifying phases (SiC
and CNT) generated interphase stresses (compressive
for the reinforcing component and tensile for the
matrix). We consider it possible that this was the
implementation of the beneficial properties of the
formed solid solution ZrB,—HfB, as a certain proto-
type of high-entropy materials.
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UHTC [108].

By and large, we can state that the modification of
the bulk of UHTC by the carbon nanotubes signifi-
cantly increases the fracture toughness of materials (to
K,c = 8—10 MPa m'/?); however, the process of pro-
duction of such ceramic composites requires a con-
scious choice of the hot-pressing temperature and the
maximum dispersion of CNT.
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CONCLUSION

Having analyzed the above data, we can make sev-
eral general conclusions.

(1) Data on the processes of oxidation of UHTC
modified by carbon components (probably, except
carbon fibers) are within the general concepts of oxi-
dation of the ZrB,/HfB,—SiC materials: the oxidation

No. 14 2018



ZrB,/HfB,—SiC ULTRA-HIGH-TEMPERATURE

gives rise to a multilayer structure, and the composi-
tions of the individual layers are determined by tem-
perature and oxygen pressure. Introduction of carbon
materials to ceramic composite does not prevent pro-
cesses of active oxidation of SiC under the borosilicate
glass layer.

(2) The method of cold pressing with subsequent
sintering without loading, which could have signifi-
cantly simplified the production of UHTC and
improved its productivity, has not yet allowed one to
approach the mechanical properties of samples
obtained by hot pressing or spark plasma sintering,
even with introducing carbon components as sintering
additives. Using the nanosized powders, in particular
SiC, in combination with reinforcing by short carbon
fibers somewhat increases the fracture toughness, but
the porosity cannot be decreased below 3—4%.

(3) All the considered carbon components can sig-
nificantly (severalfold) inhibit the ZrB, grain growth,
which improves the fracture toughness and the ther-
mal shock resistance.

(4) Modification of the ZrB,/HfB,—SiC materials
by amorphous carbon, graphite, and graphene
increases the thermal conductivity over a wide range of
the temperatures of the ceramic composites generally
owing to the improvement of heat transfer routes,
whereas addition of equally the high-thermal-conduc-
tivity short carbon fibers decreases the thermal con-
ductivity of MB,—SiC—C material, probably, because
of the generation of an interphase stress at the fiber—
matrix interface. The effect exerted on the thermal
conductivity of UHTC by the application of the inter-
phase on the surface of a reinforcing fiber is not
described in the literature.

(5) Increasing carbon component content of ultra-
high-temperature ceramic material decreases the flex-
ural strength. A certain exception is graphene-modi-
fied materials, for which, up to some graphene con-
tent, the decrease in G; is not so significant.

(6) Not only can oxidation processes on the surface
of the MB,—SiC—C materials influence their further
oxidation behavior, but also they can change their
mechanical properties, either because of healing sur-
face defects by the borosilicate glass (temperature
below 1700—1800°C, relatively high oxygen pressure)
or because of the formation of a porous, brittle, and
readily detachable layer based on the ZrO,/HfO, on
the surface (high temperatures, low oxygen pressures).

Thus, we can conclude that introduction of the
carbon components, especially carbon fibers, nano-
tubes, and graphene, improves the mechanical prop-
erties of UHTC. However, to date, by no means all of
the problems have been successfully solved; therefore,
the reviewed area of research is quite promising and
practically important.
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