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Abstract—The formation of HfB,—SiC (10—65 vol % SiC) ultra-high-temperature ceramics by hot pressing
of HfB,—(Si0,—C) composite powder synthesized by the sol—gel method was studied. By the example of
HfB,—30 vol % SiC ceramic, it was shown that the synthesis of nanocrystalline silicon carbide is completed
at temperatures of as low as >1700°C (crystallite size 35—39 nm). The production of the composite materials
with various contents of fine silicon carbide at 1800°C demonstrated that the samples of the composition
HfB,—SiC (20—30 vol % SiC) are characterized by the formation of SiC crystallites of the minimum sizes
(36—38 nm), by the highest density (89%), and by higher oxidation resistance during heating in an air flow to

1400°C.
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Ceramics based on zirconium or hafnium diboride
and modified by silicon carbide offer great opportuni-
ties for designing aircraft components and engine parts
serviceable during aerodynamic heating in an oxygen-
containing gas flow [1—32]. In this context, much
attention is given both to looking for methods for
improving the mechanical properties of the materials,
particularly their thermal cycling strength, to studying
the high-temperature oxidation mechanism at various
oxygen contents and different pressures, and to devel-
oping methods for increasing oxidation resistance.

At the present time, there is a consensus that, for
increasing the oxidation resistance (as well as for
reaching the optimum mechanical properties) of
HfB,(ZrB,)—SiC ultra-high-temperature ceramics
(UHTG:s), one should strive for the maximally uni-
form distribution of the components in each other and
the minimum grain size [33—40]. For this purpose, the
mildest temperature conditions of UHTCs production
were sought, methods for introducing additives that
inhibit the significant growth of HfB,(ZrB,) grains
were developed, and nanosized components were pro-
posed to be used.

In our opinion, chemical modification of the sur-
face of HfB, powder with nanosized oxidation-reac-
tive silicon carbide by the sol—gel method (Fig. 1) will
improve the uniformity of the mutual distribution of

the components in the ceramic and can influence its
oxidation mechanism.

The oxidation of HfB,(ZrB,)—SiC composite
ceramics usually begins with the boride component,
and the formed B,0; intensely evaporates, freeing the
surface of the unoxidized material and favoring the
further interaction of HfB, with oxygen. This process
slows down only after the second component (SiC)
begins (at higher temperatures) to be oxidized due to
the formation of more viscous borosilicate glass. If the
surface of HfB, particles is coated with a layer of nano-
crystalline silicon carbide, which is much more reac-
tive than a coarse powder (fine powders begin to be
oxidized at temperatures of as low as ~700—1000°C,
depending on the particle size [40—44]), then borosil-
icate glass preventing rapid oxidation should form at
lower temperatures. Moreover, the SiC layer creates
additional diffusion limitations to the interaction of
oxygen with HfB, particles.

In this connection, in recent years, a diversity of
methods for producing HfB,(ZrB,)—SiC composite
powders have been developed [44—61], among which,
from the standpoint of the possibility of the moderate-
temperature synthesis of the finest products with a
uniform mutual distribution of the components, the
sol—gel method seems to be the most promising [44—
51]. Previously [44], we synthesized HfB,—SiC (10—
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Fig. 1. Scheme of the oxidation of HfB,—SiC UHTCs based on individual powders HfB, and SiC and on composite powders

HfB,—SiC. SPS, spark plasma sintering; HP, hot pressing.

65 vol % SiC) composite powder by chemical modifi-
cation of microdispersed HfB, powder with nanocrys-
talline silicon carbide obtained by tetracthoxysilane
hydrolysis in the presence of phenol—formaldehyde
resin with subsequent gel formation, carbonization at
400°C at reduced pressure, and carbothermal synthe-
sis at 1400°C for 4 h in a dynamic vacuum. It was noted
that the sample containing 30 vol % SiC experienced
the minimum weight gain due to the oxidation of the
components. In reviews [45, 46], the sol—gel method
was indicated to be advantageous for producing non-
oxide ceramic powders, including zirconium and haf-
nium diborides and MB,—SiC(—MC) composite
powders, where M = Zr, Hf. Wang et al. [47] obtained
ZrB,—20 vol % SiC composite powder by mixing an
acetic acid solution of boric acid and sucrose with a
methanol solution of zirconium isopropoxide, acetyl-
acetone, and tetraethoxysilane with subsequent heat-
ing at 65°C for 8 h to form a gel, which after drying was
stepwise heated in an argon atmosphere to 8§00, 1200,
and 1550°C to produce globular particles ~800 nm in
diameter. Cao et al. [48] performed the microwave
boro/carbothermal reduction of composites obtained
by mixing a distilled water solution of boric acid and
glucose with an aqueous solution of zirconium oxide
dichloride, glucose, and ethylene glycol and with a
hydrochloric acid-acidified aqueous ethanol solution
of tetraethoxysilane with subsequent heating at 80°C,
drying of the formed gel, and heat treatment in an
argon flow in a microwave oven. It was shown that, in
this case, the desired phases ZrB, and SiC form at a
temperature of as low as 1300°C, which is approxi-
mately 200°C lower than the temperature at which
they form without microwave treatment. Zhang et al.
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[49] used such reagents as zirconium propoxide (with
acetylacetone added) and zirconium oxide nitrate, tet-
racthoxysilane, boric acid, and sucrose; at the initial
stage, amorphous precursor Zr0O,—SiO, formed,
which was further reduced by boron and carbon in
argon during stepwise heating to 800°C and then to
1550°C. It was noted that the obtained particles with
equiaxial morphology contained simultaneously ZrB,
and SiC and had a size of ~800 nm. In Zhao’s article
[50], which is ideologically related to Zhang et al.’s
[49], the role of acetic acid was shown, which acts as a
modifier and a component enabling one to generate
hydrolyzing water in the reaction with propanol. To
synthesize ZrB,—20 vol % SiC composite powder [51],
ZrOCl, and H;BO; were dissolved in ethanol, phenol
resin was added, and a gel was produced by increasing
pH by adding aqueous ammonia. Drying and heat
treatment at 1500 and 1600°C gave products that con-
tained not only ZrB, and SiC, but also a small amount
of ZrC. By hot pressing of the obtained ZrB,—SiC—
ZrC powder at 2250°C for 2 h, ceramic samples with a
density of 97.6% were manufactured.

Earlier, we proposed a method for producing
nanostructured silicon carbide ceramics at relatively
low temperatures by carbothermal synthesis directly
during spark plasma sintering of fine SiO,-C compos-
ite obtained by the sol—gel method [62]. We con-
cluded that an alternative method for synthesizing
MB,—SiC UHTCs without stages of grinding and
mixing of the initial powders of zirconium or hafnium
diboride and silicon carbide is promising (Fig. 2). The
proposed method is based on high-temperature press-
ing of HfB,—(Si0,—C) powders that are synthesized
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Fig. 2. Flowchart of the proposed approaches to producing MB,—SiC (M = Zr, Hf) UHTCs (left and central columns) and the

classical approach (right column).

by the sol—gel method and, hence, have elevated reac-
tivity.

SiO, that is present in the initial composition plays
an additional role of a sintering additive and improves
compaction processes at relatively low temperatures
(<2000°C) in comparison with the additive that is typ-
ically used for producing ceramics of the above com-
position (1900—2200°C).

Thus, the purpose of this work was to study the pro-
duction of HfB,—SiC (10—65 vol % SiC) UHTCs by
hot pressing of HfB,—(SiO,—C) composite powders
synthesized by the sol—gel method.

EXPERIMENTAL

In the experiments, we used tetracthoxysilane
Si(OC,Hs), (special-purity grade 14-5), LBS-1 Bake-
lite phenol—formaldehyde varnish, formic acid
CH,0, (analytically pure), acetone CH;COCH; (ana-
Iytically pure), and hafnium diboride (pure, particle
size 2—3 um, aggregate size ~20—60 um).

The initial HfB,—(SiO,—C) powder was synthe-
sized by chemical modification of the surface of HfB,
powder by controlled tetracthoxysilane hydrolysis in
the presence of a polymer carbon source [41—44, 63]
with subsequent gel formation, drying, and heat treat-
ment of xerogels at 400°C for 2 h in a dynamic vacuum
(residual pressure ~1—10 Pa).

HfB,—SiC UHTCs were produced using a Ther-
mal Technology HP20-3560-20 hot press. The
obtained HfB,—(SiO,—C) powders were placed in
graphite molds and rammed; the chamber was evacu-
ated and then filled with argon, after which the pres-
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sure was brought to a desired value of 30 MPa and
heating at a rate of 10 deg/min was started. To choose
the temperature conditions of pressing, the compac-
tion of HfB,—(Si0,—C) (30 vol % SiC equivalent)
powder with subsequent carbothermal synthesis was
investigated, and experiments at 1600, 1700, 1800, and
1900°C were conducted, with the heat treatment time
at the maximum temperature being 15 min. As a mold
release agent, a small amount of boron nitride was
used.

The X-ray powder diffraction patterns of the syn-
thesized composite powders were recorded with a
Bruker D8 ADVANCE X-ray powder diffractometer
within the characteristic 20 range 34°—37° at a resolu-
tion of 0.02° at signal accumulation at a point for 2 s
and within the 20 range 5°—80° at a resolution of 0.02°
at signal accumulation at a point for 0.3 s.

The IR spectra of the samples were recorded with
an Infral'YuM FT-08 FTIR spectrometer using Nujol
mulls between KBr plates.

Scanning electron microscopy was performed with
a Carl Zeiss NVision 40 focused ion beam scanning
electron microscope; the elemental composition of
microregions was determined with an Oxford Instru-
ments EDX energy-dispersive X-ray analyzer.

The compressive strength of the obtained samples
of HfB,—SiC ceramic was determined with a Shi-
madzu Autograph AG-X plus 50 kN precision univer-
sal/tensile tester.

The thermal behavior of the samples was studied with
an SDT Q-600 combined TGA/DSC/DTA analyzer
(heating rate 20 deg/min, air flow rate 250 mL/min).

No.1 2018
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Fig. 3. Changes with time in the temperature, pressure, and corresponding shrinkage during hot pressing of HfB,—(Si0,—C)
composite powders in the course of the production of HfB,—30 vol % SiC UHTC: (a) 1600; (b) 1700; (c) 1800; (d) 1900°C.

RESULTS AND DISCUSSION

Production and Investigation of HfB,—SiC
(30vol % SiC) UHTCs at Various Temperatures
of Hot Pressing of HfB,—(SiO,—C) Composite Powder

To choose the optimum process conditions that
would ensure the highest possible conversion in the
carbothermal synthesis of nanocrystalline silicon car-
bide in HfB,—SiC ceramics, we carried out a series of
experiments involving hot pressing of HfB,—(SiO,—C)
(30 vol % SiC calculated equivalent) powder at 1600,
1700, 1800, and 1900°C. Figure 3 presents the shrink-
age curves, which are typical at the given tempera-
tures. As one can see, even under the lowest-tempera-
ture conditions (heat treatment at 1600°C) still with-
out applying a given pressure of 30 MPa (i.e., at
a pressure of 5 MPa, the shrinkage starts to increase at
a temperature of ~1500°C, which is close to the carbo-
thermal synthesis temperature found by thermody-
namic calculations under atmospheric pressure condi-
tions [64, 65]. At temperatures 21600°C, the compac-
tion process sharply accelerates. For the samples
obtained by pressing at the minimum temperature
1600°C at the applied pressure 30 MPa for 15 min,
there is intense compaction (~30%, definitely far from
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plateauing), which is likely to be due primarily to the
continuing SiC synthesis and sintering involving lig-
uid SiO,.

At the higher sintering/synthesis temperatures
(1700, 1800, and 1900°C), the shrinkage is the maxi-
mum prior to the application of the maximum pres-
sure 30 MPa after reaching the temperature 1600°C,
whereas at the final treatment stages (particularly
noticeably at the maximum temperature 1900°C) the
shrinkage plateaus, which may indicate the comple-
tion of the carbothermal synthesis. Statistical analysis
of the shrinkage data showed (Table 1) that the average
shrinkage beginning with 1700°C varies insignifi-
cantly, and d//I, is the maximum at 1800°C; this is
probably owing to the optimum sequence of sintering,
which is favored by SiO, (liquid under these condi-
tions) and the carbothermal SiC synthesis.

Figure 4 presents the appearance of typical samples
obtained by hot pressing of HfB,—(SiO,—C) compos-
ite powder at various temperatures, some characteris-
tics of which are given in Table 1. For all the samples
obtained at the minimum process temperature
(1600°C), there is a color variance between the
periphery and at the center (shaded area). This is likely

No.1 2018
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Table 1. Density p, calculated porosity, linear shrinkage d///, during hot pressing, average crystallite size L, compressive
strength ¢, and weight gain Am during heating in an air flow (under the TGA/DSC conditions to a temperature of 1400°C)
for the HfB,—30 vol % SiC UHTC samples obtained at various temperatures

Production Calculated
3 * dl//l
tempgglture, p, g/cm Pret™, % porosity*, % /1y, % L,nm o, MPa Am, %
1600 5.35+0.50 60.8 £5.7 392 +5.7 51.2%+4.0 48+ 3 164 0.43
1700 7.55 £0.08 85.8+ 1.0 142+ 1.0 67.7 £0.6 37+2 284 0.20
1800 7.86 £0.20 89.2+2.3 10.7 £ 2.3 68.9 £ 0.7 36 £2 538 0.14
1900 7.83 £0.15 89.0+ 1.7 1.0+ 1.7 68.1 £0.5 38+4 >555 0.17

* Determined in comparison with the calculated density values obtained by additive scheme (the HfB, and SiC densities were taken to

be 11.2 g/em? [66] and 3.2 g/cm? [67]).

to be related to the existing temperature gradient in the
bulk of the material, which leads to the incomplete-
ness of the carbothermal SiC synthesis. This conclu-
sion was also confirmed by the X-ray powder diffrac-
tion data (Fig. 5). For example, for the products
obtained at the hot pressing temperature 1600°C, the
X-ray powder diffraction patterns of all the UHTC
samples have an intense diffuse halo characterizing the
unreacted silicon dioxide in HfB,—(S5i0,—C) com-
posite powder.

Calculated by the Scherrer formula, the average
size of silicon carbide crystallites for the materials syn-
thesized under the mildest conditions (for which the
carbothermal synthesis was incomplete) is 48 £ 3 nm,
and for the products obtained at the higher tempera-
tures (1700—1900°C), this size is within the range 35—
38 nm.

The scanning electron microscopy showed that, for
the HfB,—30 vol % SiC UHTC samples produced at
1600°C, the central and peripheral parts differ not
only in color but also in microstructure (cleaved sam-
ples, Fig. 6). In the edge zones, in which the conver-
sion in the carbothermal synthesis is higher, the
microstructure is less porous than that in the central
part, the components are quite uniformly distributed
in each other, the HfB, grain size is close to that in the
initial powders and varies within the range 1—2 pm,
and the SiC agglomerate size varies over a much wider
range from 100 nm to ~1 pum. At the same time, the
phase-contrast imaging showed that, at the center of
the samples, there is a large amount of the third com-
ponent—carbon from the unreacted initial system
Si0,—C. Both the carbon-containing system and the
silicon carbide formed from it have lamellar mor-
phology.

At the hot pressing temperatures 1700—1900°C,
much denser ceramics form, in which the components
are distributed uniformly enough (as also confirmed
by mapping, Fig. 7) and the SiC grain size is smaller—
to 500—600 nm.

The values of the compressive strength ¢ (Table 1)
also indicate that, with increasing temperature of hot
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pressing of HfB,—(SiO,—C) composite powder, the
ceramic being produced is systematically compacted.
The strength of the material obtained at 1800°C is
close to the instrument determination limit ~538 MPa
(which is almost twice as high as the value for sample
produced at 1700°C), and at 1900°C, o exceeds
555 MPa.

To study the thermal behavior of the obtained
materials, specimens of equal volume—cylinders
~3 mm in diameter and ~1 mm in height—were cut
from samples. Note that the DSC specimens were not
identical in shape; therefore, the obtained data sug-
gested only trends in the UHTC oxidation resistance
on heating. The experiments were performed in an air
flow at a flow rate of 250 mL/min within the tempera-
ture range 20—1400°C at a heating rate of 20 deg/min.
Figure 8 presents the total DSC and TGA curves for the
HfB,—30vol % SiC UHTC samples obtained at the tem-
peratures 1600 and 1800°C, and the data on the weight
gain by oxidation are summarized in Table 1.

As is seen, the sample obtained at the minimum
temperature (1600°C) early in the treatment experi-
ences a weight loss: initially, by desorption, and then,
above 400—600°C, by burnout of the unreacted car-
bon. At 600—800°C, this process is accompanied by
the incipient oxidation of the components, first of all,
HfB,, which is indicated by the shape of the exother-
mic thermal event. Above 800°C, the latter process
dominates, which results in a weight gain of 0.43%.

HfB,—30 vol % SiC,pune

.

1800°C 1900°C

1600°C 1700°C

Fig. 4. Appearance of the HfB,—30 vol % SiC UHTC sam-
ples obtained at various temperatures.
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Fig. 5. X-ray powder diffraction patterns of the HfB,—30 vol % SiC UHTC samples obtained at various temperatures.

Fig. 6. Microstructure of the cleaved surface of the HfB,—30 vol % SiC sample obtained at the temperature 1600°C in the (a, b)
central and (c, d) peripheral parts of the sample in (a, ¢) secondary-electron and (b, d) Z-contrast images.

However, even for the sample produced at 1700°C, As the data in Table 1 show, at constant composi-
the weight loss due to carbon burnout is lower tion ofthe material (30 vol % SiC), the oxidation resis-
(0.07%), and at the higher sintering/carbothermy tance is strongly affected by the porosity of the
temperatures, there is no such a process (Fig. 8b). obtained samples. For example, for the most porous
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Fig. 7. Microstructure of the cleaved surface of the HfB,—30 vol % SiC sample obtained at the temperature 1800°C and the silicon

and hafnium elemental maps.
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Fig. 8. Thermal behavior in an air flow for the HfB,—30 vol % SiC samples obtained at the temperatures (a) 1600 and (b) 1800°C.

sample produced at 1600°C, the weight gain is the
maximum, which is also influenced by the fact that the
carbothermal synthesis is incomplete, and after the
burnout of the unreacted carbon, additional porosity
forms, favoring oxidation. For the samples obtained at
the other temperatures (1700—1900°C), in which the
synthesis is completed, the weight gain is the higher,
the higher is the porosity of the samples, with the
weight gain range being quite narrow (0.14—0.20%).
However, although the porosity of one of the samples
(hot-pressed at 1600°C) is high (39.2 + 5.7%), the
weight gain of the sample of the given composition
(30 vol % SiC) by oxidation does not exceed 0.43%.

Thus, by analyzing the totality of the data on the
density of the obtained HfB,—SiC (30 vol % SiC)
UHTGCs and the linear shrinkage during hot pressing,
the X-ray powder diffraction data, the results of the
microstructural analysis, and the thermal behavior in
an air flow with aiming at the maximum decrease in
the process temperature (to prevent the growth of
grains in the ceramics being produced), the optimum
synthesis/sintering temperature was chosen to be
1800°C.

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63

Production and Investigation of HfB,—SiC
(10—65vol % SiC) UHTCs

The preliminary experiments demonstrated that,
during hot pressing of HfB,—x(SiO,—C) composite
powders with simultaneous carbothermal synthesis of
nanocrystalline SiC at 1800°C, the intense compac-
tion of the initial powders of various compositions
begins even on the application of the minimum pres-
sure (5 MPa) at relatively low temperatures (900—
1000°C) and significantly accelerates at >1600°C.
After reaching the required values of pressure
(30 MPa) and temperature (after treatment for 15 min),
there is additional compaction. Generally (Table 2),
with increasing the concentration of the fine SiO,—C
component in the initial HfB,—x(SiO,—C) powders,
the linear shrinkage increases (except for a small devi-
ation for the composition HfB,—35 vol % SiC). This is
consistent with notion that the carbothermal synthesis
of SiC gives rise to additional pores, which can col-
lapse during the compaction of the emerging HfB,—
SiC,.,, system.

This is also evidenced by the change in the density
and in the calculated porosity of the produced ceramic
materials (Table 2, Fig. 9). As is seen, for a number of
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Table 2. Density p, calculated porosity, linear shrinkage d///, during hot pressing, compressive strength ¢, and average crys-
tallite size L for the HfB,—xSiC (x = 10—65 vol %) UHTC samples obtained at the temperature 1800°C

x, vol % SiC 0, g/cm’ Prer™s % pgraizi?,fe; difly, % 6, MPa L.nm
10 8.69+008 | 836+08 164 +08 523+05 >555 4+3
15 8424004 | 842+04 15.8 + 0.4 61.94 0.3 >555 4143
20 8.54 4 0.18 88.9 + 1.9 1.1+ 1.9 67.7+ 3.3 >555 3842
25 8214020 | 892422 10.8 +2.2 69.4+ 04 519 38+ 1
30 7864020 | 89.3+23 10.7 4 2.3 68.940.7 538 3642
35 6.81 +0.15 811+ 1.7 18.9+ 1.7 65.5+ 1.6 >555 4142
45 5854016 | 77.0+22 23.0 %22 76.0 % 1.0 >555 S+ 1
55 4644019 | 683+29 317429 73.4+19 >555 55+3
65 3.78 + 0.13 63.0 % 2.1 37.0+ 2.1 753+ 11 206 60+ 2

*Determined in comparison with the calculated density values obtained by additive scheme (the HfB, and SiC densities were taken to be

11.2 g/cm?> [66] and 3.2 g/cm? [67]).

compositions—from 20 to 30 vol %, the porosity
reaches the minimum and is, on the average, ~11%,
and for compositions at higher silicon carbide con-
tents (=35 vol % SiC), the porosity monotonically
increases to ~37%.

Figure 10 presents the appearance of typical
obtained samples. All of them are generally dense
samples of gray color with metallic luster on the
cleaved surface. It was determined that, with increas-
ing silicon carbide content of the produced HfB,—SiC
(=35 vol % SiC) UHTC:s, the porosity of the materials
noticeably increases, and there are inclusions of the
excess carbon remaining after the carbothermal syn-
thesis (because in the initial powders the ratio n(C) :
n(Si0,) = 1 : 3.05 is established). These inclusions
should not worsen the oxidation resistance of the sam-
ples: there is evidence of successful testing of samples
with intentionally introduced strengthening carbon

(@)

Density, g/cm?

W A~ L AN 3 0 O

40
SiC content, vol %

30 50

Relative density, %

components (graphite, carbon black, carbon fibers,
nanotubes, and graphene).

The X-ray powder diffraction data confirmed that
the chosen conditions of hot pressing (temperature
1800°C, heating rate 10 deg/min, treatment time
15 min, pressure 30 MPa, argon medium) of the sam-
ples of all the compositions make it possible to per-
form the complete conversion of silicon dioxide to sil-
icon carbide (Fig. 11). This was also corroborated by
the reflection IR spectroscopy data. Calculated by the
Scherrer formula, the average size of SiC crystallites
in all the systems are within the range 36—60 nm. In
three least porous samples containing 20, 25, and
30 vol % SiC, the coherent scattering domain sizes
are the minimum: 36—38 nm. At the same time, in
the samples containing =35 vol % SiC, with increas-
ing their porosity, the average crystallite size
increases significantly: from ~41 nm at 35 vol % SiC
to ~60 nm at 65 vol % SiC.

05 . o
o 140
PR S A 3
850 g R )Jf/ 30
80 - | UL R
\\%/ 425 z
Pr RSN 120 €
0F , P \{ =
-0 / i 115
SEy4d 4 T
60 .
10 20 30 40 50 60 70

SiC content, vol %

Fig. 9. (a) Experimental and calculated (by additive scheme) densities and (b) the relative density and porosity of the obtained

HfB,—xSiC (x = 10—65 vol %) samples.
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(1800°C)

HfB,—x vol % SiC, .0

45% 55% 65%

30% 35%

10% 15%

20%

Fig. 10. Appearance of the HfB,—xSiC (x = 10—65 vol %)
UHTC samples obtained by hot pressing of HfB,—
x(8i0,—C) composite powders.

It should be separately noted that, in all the
obtained samples, regardless of the HfB, : SiC ratio
and the porosity, there is no impurity phase HfO,,
which can form by the interaction of the initial HfB,
powder with SiO,, SiO, or carbon oxides, and also
there is no hafnium carbide phase, which suggests that
the chosen conditions of hot pressing/synthesis favors
the necessary reaction between the fine components

of the SiO,—C composite synthesized by the sol—gel
method.

The microstructure of the cleaved surfaces of the
obtained samples does not differ fundamentally from
that for the above HfB,—30 vol % SiC UHTC samples
produced at the temperature 1800°C: the synthesized
SiC is localized between HfB, particles to form aggre-
gates 200—1000 nm in diameter (Fig. 12).

The determination of the compressive strength G
gave values of >500 MPa for almost all of the samples,
with the exception of the sample with the maximum
fine silicon carbide content and the highest porosity,
for which a much lower strength value found
(206 MPa).

To investigate the thermal behavior of the obtained
materials, specimens were produced similar to those
(cylinders of equal volume) used for studying the
HfB,—30 vol % SiC UHTC samples. As an example,
Fig. 13 presents the results for the samples containing
10, 20, 35, and 65 vol % SiC, and the data on the
weight gain by oxidation were summarized in Table 3
and Fig. 14. As Fig. 13 shows, at the minimum silicon
carbide content (10 vol %) and a porosity of 16%, even
at the temperature 1400°C, there is a trend toward a
further weight gain by oxidation, which may suggest
that such an amount of SiC is insufficient to form a
protective borosilicate glass layer. At a content of as
low as 15 vol % SiC, at a temperature of ~1330°C, Am
plateaus and halves: from 0.50% at 10 vol % SiC to
0.27% at 15 vol % SiC. With a further increase in the
silicon carbide content (to 20 vol %) and an abrupt
decrease in the porosity to ~11%, Am does not radi-
cally change (Am = 0.20%).

For the HfB,—x vol % SiC (x = 25—30) UHTC
samples at the minimum porosity ~11%, the weight

(a) (b)
*— SiC

> Z

S 65% =
= " 55% = 65%
L * L 4)45% ig?
A A A /35% 3570
1 At/ 30% 6
] ~ 25% 30%
’ t‘j——'ﬁ s ¥ 20% /25%
) S = ™~15% ‘\207
20 40 60 0\N10% 35.0 35.5 36 0 15%
20, deg 20, deg 10%

Fig. 11. X-ray powder diffraction patterns of the HfB,—xSiC (x = 10—65 vol %) UHTC samples obtained by hot pressing of

HfB,—x(Si0O,—C) composite powders.
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Fig. 12. Microstructure of the cleaved surfaces of the HfB,—x vol % SiC samples obtained at the temperature 1800°C at x = (a)
10, (b) 15, (c) 20, (d) 25, (e) 353, (f) 45, (g) 55, and (h) 65.
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Fig. 13. DSC and TGA curves for the HfB,—x vol % SiC samples obtained at the temperature 1800°C at x = 10, 20, 35, and 65.

gain is 0.14—0.18%; however, the TGA curves at tem-
peratures above 800°C do not plateau but have a
broadened maximum of low intensity. Probably, at
such insignificant weight gains, the weight loss due to
B,O; evaporation at temperatures >1200—1300°C
becomes significant.

An increase in the SiC content to 35 vol % leads to
an increase in the porosity to ~19%, and the weight
gain is 1.20%. The TGA curves have two-step plateaus
(as for the sample containing 45 vol % SiC): the first
step at 870—900°C and the second step at 1190—
1240°C.

For the HfB,—x vol % SiC (x = 55—65) UHTC
samples with similar and high porosities (32—37%),
the weight gain is much higher (to 5—6%), the oxida-
tion starts at higher temperature, and the sample
weight has a one-step plateau at lower temperature
(1070—1125°C). This may be due to the presence of a
large amount of nanodispersed and, hence, reactive
silicon carbide, which usually begins to be oxidized at
temperatures above 750—800°C. Besides, these sam-
ples are characterized by a low (0.1—-0.2%) weight loss
at ~650—720°C due to the burnout of a part of the
excessively introduced carbon, which may lead to
a certain error in calculating the weight gain due to the
oxidation of the samples because the processes of the

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63

oxidation of carbon (accompanied by weight loss) and
HfB, and SiC (accompanied by weight gain) occur vir-
tually simultaneously.

Figure 14 summarizes the data on the weight gain
for all the samples. As is seen, the samples can be con-

Table 3. Weight gain Am due to oxidation in an air flow
during heating to the temperature 1400°C for the HfB,—xSiC
(x =10—65vol %) UHTC samples obtained at the tempera-
ture 1800°C, approximate temperature 7, — .o, at Which
the weight gain plateaus, and porosity of the samples

SiC content Calculated
vol % ’ Am, % Tn=const> °C porosity, %
10 0.50 — 16.4 +0.8
15 0.27 1330 15.8+0.4
20 0.20 1280 1.1+ 1.9
25 0.18 1315%* 10.8 £2.2
30 0.14 1315%* 10.7 £ 2.3
35 1.20 875/1240 18.9 £ 1.7
45 1.27 900/1190 23.0£2.2
55 6.26 1125 3.7+ 2.9
65 5.07 1070 37.0 £ 2.1

*Temperature of the maximum in the weight curve.

No.1 2018



12 SIMONENKO et al.
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Fig. 14. TGA curves for the HfB,—x vol % SiC (x = 10—65)
samples obtained at the temperature 1800°C.

ditionally divided into several groups. The first group
contains the samples with the maximum SiC content
(55 and 65 vol %), the maximum porosity, and the
maximum weight gain due to oxidation. The second
group comprises the HfB,—x vol % SiC (x = 35—45)
samples, which, despite significant differences in
composition and porosity (19% at x = 35 vol % SiC
and 23% at x = 45 vol % SiC), have very close Am val-
ues (1.2—1.3%). The third group is constituted by the
samples with the minimum (0.14—0.27%) weight gain
and the SiC content 15—30 vol % at a porosity of 11—
16%. Somewhat apart is the HfB,—10 vol % SiC sam-

A

6% 1 i |
= R
5 ] [r
= | ' | |
| 25% ! “ '
s Lol L
20 40

ple, for which the weight gain due to oxidation is also
low: 0.50% at a porosity of 16.4%.

The obtained data suggest that the oxidation resis-
tance of the produced composites at temperatures to
1400°C is significantly influenced both by the compo-
sition, and the porosity, i.e., the microstructure.

The X-ray powder diffraction analysis of the sur-
face of the samples after their oxidation under identi-
cal conditions showed that the phase composition is
significantly dependent on the composition of the ini-
tial material (Fig. 15). For the samples containing 10—
20vol % SiC, there are reflections of monoclinic HfO,
and the HfB, phase (the unoxidized layers of the
material probably manifest themselves). For the
HfB,—25 vol % SiC sample, on the surface, a hafhon
HfSiO, phase emerges (~23%), the concentration of
which decreases to ~2—5% with increasing silicon car-
bide content of UHTC. Beginning with the HfB,—
35 vol % SiC sample, in the X-ray powder diffraction
patterns, reflections of the silicon carbide phase
emerge, the concentration of which increases with
decreasing concentration of the HfB, phase, thus rep-
resenting changes in the composition of the initial
materials. In general, the content of the crystalline
oxidation products (both HfSiO,, and HfO,)
decreases with increasing SiC content of the HfB,—
xvol % SiC samples, which may suggest that protec-
tive X-ray amorphous borosilicate glass is primarily
localized on the surface.

To compare the oxidation resistances of the mate-
rials obtained by our proposed method based on the
carbothermal synthesis occurring directly during hot
pressing of HfB,—(S5i0,—C) composite powders

o+ HIfSiO,
(] HfBz
* SiC

Fig. 15. X-ray powder diffraction patterns of the surface of the HfB,—xSiC (x = 10, 25, and 65 vol %) samples after their oxidation
in an air flow under the DCS/TGA conditions. The unlabeled reflections represent the monoclinic HfO, phase.
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Fig. 16. TGA curves for the HfB,—x vol % SiC samples at x = (a) 15 and (b) 45 that were obtained by spark plasma sintering (SPS)
of coarse HfB, and SiC powders (dashed lines) and by our proposed method based on hot pressing (HP) of HfB,—(Si0,—C)

composite powders (solid lines).

obtained by the sol—gel method and UHTC produced
by spark plasma sintering from commercially available
powders HfB, and SiC, we performed the thermal
analysis in an air flow for samples of identical compo-
sition (HfB,—15 vol % SiC) (Fig. 16a, specimens of
similar shapes, similar experimental conditions).

It was found that, for a sample obtained by spark
plasma sintering of HfB, and SiC powders, the weight
gain due to oxidation was 5.62%, whereas for a sample
of the same composition that was produced by the
sol—gel method combined with hot pressing of HfB,—
(SiO,—C) composites, Am is 0.21%. Such a great dif-
ference in oxidation resistance (by a factor of 27) could
be explained only by much larger porosity of the for-
mer sample (33% as compared to 16%); therefore, we
additionally studied the oxidation resistance of sam-
ples that had identical compositions and similar
porosities but were obtained by different methods.

The additional experiments for investigating the
oxidation resistance of samples of the composition
HfB,—45 vol % SiC for which the porosity ratio was
inverse (the porosity of the sample obtained by spark
plasma sintering from HfB, and SiC powders was 17%,
and the porosity of the hot-pressed HfB,—(Si0,—C)
composite powder was 23%; i.e., the weight gain could
be expected to be higher for the latter sample) demon-
strated that, in this case, too, Am due to the oxidation
of the material for the latter sample is thrice as low
(Fig. 16b) as that for the sample of the same composi-
tion that was produced by spark plasma sintering of
powders.

The obtained data showed that, owing to micro-
structural features, namely, the protection of the sur-
face of HfB, particles by nanocrystalline silicon car-
bide, highly reactive in reactions with oxygen, the pro-
posed method offers additional opportunities for
increasing the oxidation resistance in comparison with

RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vol. 63

conventional methods thanks to the formation of a
protective borosilicate glass layer at lower tempera-
tures.

Thus, it was demonstrated that the chosen conditions
of hot pressing/carbothermal synthesis (temperature
1800°C, treatment time 15 min, pressure 30 MPa) make
it possible to produce, based on HfB,—(SiO,—C)
composite powders obtained by the sol—gel method,
more oxidation-resistant HfB,—x vol % SiC (x = 10—
65) UHTCs. It was shown that the oxidation resis-
tance of the obtained materials is significantly depen-
dent both on their density, and on their composition.

CONCLUSION

In this work, a new method was proposed for pro-
ducing ultra-high-temperature ceramics MB,—SiC,
where M = Zr, Hf. The method differs in the fact that,
owing to the high reactivity of the SiO,—C system syn-
thesized on the surface of metal diboride particles by
the sol—gel method, the hot pressing of intermediate
product HfB,—(Si0,—C) under relatively mild condi-
tions (30 MPa, 1700—1900°C) not only produces a
ceramic with comparatively high compressive strength
(=500 MPa), but also leads to the synthesis of one of
the components (SiC) in the nanosized state (average
crystallite size 36—61 nm). This reduces energy con-
sumption not only owing to the decrease in the hot
pressing temperature, but also thanks to the elimina-
tion of a separate stage of high-temperature synthesis
of nanocrystalline SiC powder and subsequent stages
of mixing and mutual grinding of HfB, and the
obtained SiC powder.

It was experimentally established that the oxidation
resistance of the produced HfB,—SiC (10—65 vol %
SiC) UHTCs during heating in an air flow to 1400°C
under the TGA/DCS conditions exceeds that of the
materials of the same composition that were obtained

No.1 2018
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by spark plasma sintering of coarse HfB, and SiC pow-
ders, even if the density of these powders is higher.
This is likely to be due to the fact that, because of the
high reactivity of nanocrystalline silicon carbide, a
protective borosilicate glass layer forms at lower tem-
peratures.
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