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The products of vacuum version of self-propagating high-temperature synthesis (SHS) in the systems of group 4
transition metals (titanium, zirconium, hafnium) with non-metals (carbon, boron, silicon) were explored by means of
chemical, densitometric, microscopic and XRD analyses. The consideration of results for SHS with more active
carbon component confirmed that the metal carbidization reaction controls the SHS processing in a whole. The
appearance of molten quasi-eutectic alloy induces reactions described in details by the series of equations, which
proposed in the similar studies firstly. The detail analysis of SHS processing in the ternary Me-X;-X, (Me = Ti, Zr;
X1, X, =C, B, Si) systems allows to spread the Korchagin-Aleksandrov-Gusenko mechanism for the combustion
synthesis in those systems. Being more effective and accessible than other versions the vacuum SHS can provide the
fabrication of the ceramic-ceramic composite precursors based on the oxygen-free refractory compounds of group 4
transition metals in the wide range of component contents.
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Introduction

Due to their superior physical and chemical
properties ceramic composites based on the systems of
group 4 transition metals with carbon[1-2], boron [3] and
silicon [4-5] are the promising materials for high-
temperature applications, e.g. as thermally stressed parts
of rocket engines, elements of thermal protection for re-
entry flying apparatus, diaphragms for casting and wear-
resistant parts of metallurgical devices, highly loaded
brake-shoes in automotive engineering, performance
cutting tools, abrasives and others.

One of many significant achievements of Russian
military applied science in the field of high temperatures
is the discovery of so-called self-propagating high-
temperature synthesis (SHS) [6-8] by researchers of the
scientific institution, which was headed by Nobel
Laureate Semenov, while they were exploring solid
rocket propellants with some metal additives. This event
seems to be in the general tradition of Russian classical
school of Chemistry, though most specialists cannot
imagine that really the discovery of thermite reaction was
made by the Russian chemist Beketov more than 30
years before Goldschmidt got his patent for this
processing in 1895.

SHS has proved to be an efficient and energy saving
method for obtaining matters in some high melting points
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systems of transition metals with non-metals. It is based
on the great exothermic heat effect (AH) of the reactions
between elements [8-10]:

nMe + mX = Me,X,, + AH,
where Me = Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, W and etc.,
X=C,B, Si, S and etc.
which is connected with great values of the enthalpies of
formations for the products of these reactions: carbides,
borides, silicides and etc. (Table 1).

The similar reactions relate to those of solid flame
phenomenon or gasless combustion [10-12], as they are
passing in the narrow layer called the combustion zone,
which due to heat transfer of reagents, travels through the
initial mixture by a wave spreading mechanism
converting it to the combustion products after a local
initiation (ignition) of reaction in non-heated mixtures.
During SHS processing extremely high temperatures of
heating can be reached, so the necessary condition for the
realisation of SHS is the certain thermal stability of
products. Some calculated characteristics of SHS
processing are also submitted in Table 1. Theoretical
foundations of SHS are considered in numerous works
by Merzhanov and his co-workers from the 60s up to
date, the most important of them are reviewed in some
recent papers [6-8]. The valuble contribution to the
development of SHS was given also by Munir [9] and
Pampuch [14] with their co-operators. However, for
eventual industrial implementation of SHS processing
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Thermodynamic properties and characteristics of SHS processing for refractory
compounds of group 4 transition metals [6,10-13]

Table 1

Thermodynamic properties Calculated characteristics of SHS-processing
Com- Adiabatic Contents of
Class | ound | Melting point Eﬁgfgﬁ"f combustion liquid in Specific enthalpy
XK AHos(kJ m(’)l"l) temperature combustion of reaction(kJ g
(K) products (wt %)
Carbide TiC 3210 185 3210 33 3.08
ZrC 3690 201 3400 - 1.95
HfC 3900 230 3900 26 1.21
Boride TiB 2500 159 2500 - 2.71
TiB, 3190 280 3190 27 4.03
Z1B, 3310 306 3310 20 2.71
HfB, 3520 335 3520 67 1.67
Silicide [ TisSi; 2390 581 2400 - 1.80
TiSi 2190 133 1920 - 1.75
TiSi, 1770 135 1800* - 1.31
Z1,Si 2490 209 1940 - 1.00
715515 2520 578 2800* - 1.13
ZrSi 2420 155 2700* - 1.24
ZrSi, 1950 159 2100* - 1.03
Note: *Without taking into account the latent heat of melting.
Table 2

Characteristics of starting materials for SHS processing of ceramic compositions based on the refractory compounds

of group IV transition metals

Contents of Contents of .
. Particle
Material Manufacturer Powder type general . essen.tllal size
component impurities,
(wt %) (Wt %) (pm)
Titanium BTMK, Berezniki, Russia TU.48.05.30.71 >97 0<3.0 <80
0<02N<
Zirconium UMZ, Glazov, Russia Electrolytic TU.95.295.74 >99 0.03C <0.02 <100
Fe <0.02
Zr<1.0Fe <
Hafnium | SOMK Severodonetsl, | Gy 1romt.05.179.60 | 29835 0.2Ca < <20
0.15Si1 <0.05
Carbon ) 0< 0.08P12§
7GS, Omsk, Russia TG-10 >99 0.05 mr.*< | 0.5+5.0
black*
0.05
C<0.25Mg
Boron UNIKhIMl,h\l{szl;:termburg, Fine-crystal >97.5 = (;) -11F5€SISS <60
0.1A1<0.05
.. . Fe <0.7A1<
Silicon Ukraine KR-1GOST.2169.79 >98 0.7Ca<0.7 <40

Notes: *Specific surface — 10 m* g
*’Mineral remains.

160




Vacuum SHS in systems with group IV transition metals...

and SHS materials in production of ceramics several
necessary experimental data are absent or not available.

The aim of this work is to explore SHS potential
with common commercial reagents widely varying ratio
of them and using the simplest facilities with vacuum
method as one of the most effective and accessible
version of SHS [15-16], to analyse the quality of SHS
products in the case of maximally efficient application of
combustion synthesis® as a production method in ceramic
processing. It seems also to be very important to
determine areas of reagents contents [16], where SHS
could be realized, for the mixtures of titanium, zirconium
and hafnium commercial powders without application of
any additional special treatments of them.

I. Experimental procedure

1.1. Starting materials and sample preparation.
The following starting materials in this work have been
used: more accessible pure metal common commercial
powders, the readily graphitizing carbon black with the
highest activity recommended in previous studies [17],
fine-crystal boron and preliminary milled pure silicon,
whose characters are submitted in Table 2. The initial
mixtures were prepared with content accounting of
general components in starting materials. The reagents
were thoroughly mixed in a rolling ball mill and axially
pressed in a 35 mm diameter stainless steel die without
any binder. A pressure of 60-90 MPa was applied to
obtain 15-25 mm height cylindrical pellets with an
apparent density corresponding to 50-60 % of the
theoretical value. The SHS reaction was carried out in a
5-dm’ volume hermetic steel combustion chamber
(reactor) cooled by flowing water. The complete scheme
of the technological device, including the reactor is
shown in Figure 1. Before reaction processing the
chamber was evacuated down to 1-5 Pa. The local

Fig. 1. Schematic diagram of technological device for
vacuum SHS processing: 1 — compensator; 2 — vacuum
manometer; 3 — thermocouple detector of pressure; 4
— hermetic steel reactor (combustion chamber) cooled
by flowing water; 5 — vacuum valve; 6 — tungsten (or
molybdenum) wire micro-heater; 7 — testing pressed
pellets of reaction mixture; 8 — graphite support; 9 —
ceramic separator; 10 — vacuum mechanical pump.
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initiation (ignition) of SHS reaction in testing samples
was accomplished by a 0.5 mm diameter tungsten or
molybdenum wire micro-heater with an 50 Hz alternate
current from 5 to 30 A, which was directly increased by a
compensator up to the moment of ignition. High
temperatures of SHS cause the intensive desorption of
gases from the surface of starting materials, so pressure
inside the chamber was increasing to 0.1 MPa and
sometimes higher. This process allowed using a
thermocouple vacuum detector as an indicator of the
ignition of the initial mixture. After the combustion
burned samples were cooled down inside the chamber to
room temperature. The complete technological cycle of
SHS processing, including operations of loading,
evacuation of reactor, initiation of reaction, cooling down
and recovering, lasted 30-40 min. and the most continual
procedure of the cycle had to be cooling, which usually
took about 70-80 % of all time.

1.2. Materials characterisation and testing. A
general view of the SHS products obtained by the
method, which was described above, after recovering
from the combustion chamber is submitted in the photos
(Figure 2). The products were explored by the means of

Fig. 2. General view of the SHS products with
different molar ratios in initial mixtures: a
Ti+09C;b-Ti+ 1.1C;c—Zr+0.7C; d— Zr + 0.9C;
e—0.8Zr+0.2Ti+C.

chemical, densitometric, microscopic and XRD analyses.
Chemical determination of carbon contents was carried
out by coulombmetric method using CuO-Pb flux on the
special analyzer, and boron contents was determined by
direct volumemetric method with alkali. Composition
densities were measured by pycknometric method with
methylbenzene (toluene) as a working liquid. The
contents of chemical phases in SHS products, their
structures and lattice parameters were qualified by an X-
ray diffractometer DRON with Fe, Cu and Mo filtered
radiation. Lattice parameters were calculated with
application of extrapolation function cos’0 and special
data processing. For testing the suitability of obtained
compositions to conventional ceramic processing they
were treated in lined by plates of WC-Co alloy rolling
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mill with the same material milling balls in ethanol (40-
50% of mill volume). The weight ratios of
“composition: balls” were 1:10 for titanium and 1:8 for
zirconium and hafnium containing compositions.
Sedimentation analyses were carried out by microscopic
methods  with  immersion  liquid  (n=1.78).
Chromatographic method of thermal desorption of argon
in dynamic conditions was used for determination of the
specific surface of powders. Contamination of powders
by tungsten and iron during the treatment was analyzed
by colorimetric methods of chemical analysis.

II. Results and discussion

2.1. SHS in the Me-X systems. The phase analysis
of SHS products obtained in the Ti-C, Zr-C, Hf-C, Ti-B,
Zr-B and Hf-B systems (Table 3) confirms the practical
possibility of manufacturing for group 4 transition metal
refractory compounds in pure form. The X-ray spectra of
the SHS products allow to reveal the presence of well-
crystallized phases of Ti, Zr and Hf monocarbides and
diborides. The insignificant presence of zirconium
dodecaboride ZrB,, traces in the mass of zirconium
diboride ZrB, is not an essential exception, because
ZrBy, disappears completely after 0.5h soaking at
1850 K in vacuum. It serves as a witness of the fact that
the synthesis in this system is processing in the wide
range of temperatures, including 1980-2520 K, which is
the area of ZrB, existence. The group 4 transition metal
carbides have extremely wide ranges of homogeneity
(stoichiometry) [1,13], so it was of great interest to relate
the carbon content in initial mixtures to the properties of
the SHS products and estimate the completeness of
carbide phases and the manufacturing potential of those
phases with different grade of stoichiometry. The wave
spreading character and high temperatures of SHS
reactions cause the partial sublimation and ejection of
some reagents. Due to the gas transport reactions with
residual oxygen in a combustion chamber certain
amounts of carbon and boron could be removed from the
reaction amplitude. The Elyutin-Kostikov effect [18]of
intense carbon vaporization from high-temperature
molten alloys in the temperature range close to their
eutectic temperatures also contributes to the process of
mass transfer during SHS, because the similar conditions
are realised in reaction mixtures. Moreover, due to gases
desorption from the surface of powder, separated
particles of it are ejected from overheated layer. These
particles represent themselves predominantly as fractions
of carbon and/or boron, which are smaller in size and
lower in density compared with particles of powdered
metals. The same phenomena were also observed by
Barzykin and Stovbun [12] for systems with carbon and
Radev and Marinov [19] while manufacturing TiB, and
ZrB, by SHS. Carbon loss during SHS processing holds a
very complicated character, because of both physico-
chemical and physico-mechanical nature. The
dependencies of carbon loss on its content in initial
mixtures (Figure 3) are described by curves with a
maximum, which is likely corresponding to the maximal
heat effect per a unit of mixture volume, but some
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another factors, e.g. mechanical strength characters of
initial mixture pellets, seemed to be also very important,
could displace the position of maximum or decrease the
size of it.

SHS reactions develop very high rate, which can
reach to 20 cm s™', so the reactions last for a short period
of time [8]. Contreras et al. [20] showed by the means of
time-resolved X-ray diffraction (TRXRD) analysis that
titanium content in reaction mixture 2Ti+ C + 2B was
reducing from the initial level to 0 during the period less
than 0.3 s. Such transience of synthesis in some cases
cannot entirely provide the accomplishment of chemical
reactions. This attribute of SHS certainly influences the
contents of its products. The smallest amounts of free
(not combined into carbide) carbon were revealed in the
SHS products with initial ratio of C/Me equalled just to
0.8. While the total carbon content in initial mixtures
increases, the amount of free carbon in products
accumulates more rapidly than rise of carbon amount
reacted with metal (Figure 3). Only due to carbon excess
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Fig. 3. Behaviour of carbon during vacuum SHS
processing in Ti — C (1-4) and Zr — C (5-8) systems:
loss of carbon (1, 5); fraction of free carbon (2, 6);
fraction of reacted carbon (3, 7); completeness of
metal carbidization reaction (4, 8).

reached at 100 % it has become possible to obtain
stoichiometric monocarbides with carbon content
corresponding to the upper limit of the range of
homogeneity [13]. Experimental data of the present work
confirm the possibility of manufacturing by SHS for Ti
and Zr monocarbides with different C/Me ratio along the
whole range of their homogeneity. It is necessary to note
that the preparation of off-stoichiometric carbide phases
with lowest ratios of C/Me by other methods is rather
difficult. The carbothermic reduction of group 4
transition metal oxides (furnace synthesis) bring in this
case [21] only to the formation of oxycarbide phases
MeC,O, with lower values for x, so SHS is practically
the only one which can provide the preparation of
carbides with C/Me = 0.5 or less [22]. The higher values
of lattice parameters for obtained Ti, Zr and Hf
monocarbides also testify the high rate of purification,
which is observed during SHS processing [23] and
especially, when the vacuum version is used. The
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Table 3
Physico-chemical characteristics of SHS products in Me-X systems
Initial Non-metal content (wt %) Compo- Characteristics of synthesized phases
S . . in in SHS-products sitionof Lattice XRD
ystem mixture in s .
molar ratio initial total combined SHS- X /Me parameters density
mixture products* (nm) (g cm™)
Ti-C Ti+0.7C 14.9 14.0 14.0 TiC, 0.64 0.4320 -
Ti+ 0.8C 16.7 15.7 15.65 « 0.74 0.4324 4.66
Ti+ 0.9C 18.4 17.0 - « - 0.4327 -
Ti+C 20.0 18.6 15.7 « 0.77 0.4328 4.68
Ti+ 1.1C 21.6 20.1 16.7 « 0.83 0.4328 4.74
Ti+ 1.2C 23.1 21.7 17.5 « 0.89 0.4328 4.80
Ti+ 1.5C 27.3 25.8 18.3 TiC,.,, C 0.98 0.4327 4.89
Ti+2.0C 33.4 31.4 17.1 TiC,., C 0.99 0.4326 4.90
Zr-C Zr+0.7C 8.4 7.3 7.3 ZrC 0.60 0.4690 -
Zr+0.8C 9.5 8.6 8.55 « 0.71 0.4693 6.46
Zr+0.9C 10.6 9.9 - « - 0.4695 -
Zr+C 11.6 10.8 9.9 « 0.84 0.4695 6.50
Zr+1.1C 12.7 11.1 10.4 « 0.89 0.4695 6.56
Zr+1.2C 13.6 11.8 10.8 « 0.93 0.4695 6.57
Zr+1.5C 16.5 14.1 10.9 7ZrC,,, C 0.99 0.4695 6.62
Zr+2.0C 20.4 19.3 10.5 7rC,,, C 0.99 0.4694 6.62
Hf-C Hf+C 6.3 6.0 5.7 HfC, 0.90 0.4642 12.52
. . . a=0.3026b
Ti-B Ti+2.1B 32.1 - 31.7 TiByiy 2.06 ~ 03223 4.52
Z1B,.,.traces a=0.3172b
Zr-B Zr+22B 20.7 - 18.7 71B,, 1.94 ~ 03525 6.10
a=0.3144b
Hf-B Hf+2.2B 11.7 - 10.8 HfB, 2.00 = 0.3470 11.19
Note: *Results of XRD analysis.
Table 4
Physico-chemical characteristics of SHS products in Ti-Zr-X systems
Characteristics of synthesized
Total non-metal content (wt %) Compo- phases
System Initial mixturein sitionof .
yste molar ratio in initial . SHS- Lattice parameters Density
. in SHS-products % N
mixture products (gecm™)*
a (nm) b (nm)

Ti-Zr-C | 0.95Ti+ 0.05Zr + C 19.3 18.0 (Ti, Zr)Cy 0.4331 - 4.90
0.6Ti+0.4Zr+C 15.5 14.4 « 0.4497 - 5.61
0.5Ti+0.5Zr+ C 14.7 13.6 « 0.4605 - 5.73
0.2Ti+0.8Zr+ C 12.7 11.7 « 0.4682 - 6.33

Ti-Zr-B 0.6Ti+0.4Zr+ 2B 24.9 24.7 (Ti, Zr)Bj.x - - 5.21
0.3Ti+0.7Zr + 2B 21.6 21.4 « - - 5.62
0.1Ti+0.9Zr + 2B 19.9 19.8 « 0.3168 0.3529 5.98
0.6Ti + 0.4Zr + 2B 19.5 19.5 (T5, Z0Bas, | 3179 | 0.3529 6.00

traces ZrBi,

Notes: *Results of XRD analysis.
*Results obtained by pycknometric method.
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contamination of carbides by nitrogen and oxygen with
the formation of complicated oxycarbonitride phases
MeC,OyN, causes the decrease of lattice parameters [13],
e.g. Vecchio et al. [24] give for SHS dynamically
compacted TiCyy value of a=0.4310 nm and for hot-
pressed stoichiometric TiC a=0.4320nm, that is
essentially lower than 0.4326-0.4328 nm for
TiCg g9 -TiCy 99 prepared in the present work.

The attempts to initiate any SHS reactions in the
mixtures of group 4 transition metals and powdered
silicon were carrying out with the same metal powders
and by the same method that was used in the Me-C and
Me-B systems. But all of those attempts failed, mostly
due to the lower values of specific enthalpy of reactions
with silicon, thus it has been found out to manufacture
silicides of Ti, Zr and Hf without preliminary heating in
those conditions is impossible. The similar results for the
Ti-Si blends were obtained in the study by Pampuch et
al. [25], though it is well-known that silicides could be
prepared by SHS, but applying different technological
finesses [26-27].

2.2. SHS in the Ti-Zr-X systems. One of the main
advantages of SHS processing is the certain potential to
obtain complicated compositions, including mixed
phases, which are forming due to unlimited or upper
mutual  dissolubility of isostructural refractory
compounds'. In technological practice this advantage can
be realized by carrying out a combustion process for
mixtures of several chemical elements or compounds.
Submitted in Table 4 the results of phase analysis for the
SHS products and properties of synthesized phases in the
Ti-Zr-C and Ti-Zr-B systems completely prove the
potential of SHS processing to prepare mixed
monocarbides and diborides in those systems. The
character of gasless combustion in mixtures with two or
more different metals differs from others, so even
external appearance of SHS products in this case is
dissimilar compared with those for the binary systems.
However, the diffusion difficulties during SHS connected
with high rate of chemical conversion do not allow
obtaining mixed carbides or borides with the highest
grade of uniformity. XRD study of synthesized mixed
refractory compounds showed that their XRD patterns
are characterized by the completed confluence of
diffraction peaks of initial single phases, including (111),
(200), (220) — for monocarbides and (001), (100), (101) —
for diborides. At the same time these peaks have got the
reduced intensities and observable widening at half-
height compared with the same peaks, which were
explored in the materials soaking at high temperatures
for a long period of time. Nevertheless, the SHS
manufactured mixed carbides and borides possess well-
crystallized structures that are confirmed by calculated
lattice parameters for the obtained phases, which agree
quite well with the accredited data of earlier research
[28-29]. In continuous series of the TiC;-ZrC,_, solid
solutions obtained in present work, it was confirmed
small positive deviation of the values of lattice
parameters from Wegard’s law that was earlier
determined for the samples of mixed carbides, which
were homogenized by hot-pressing at high temperatures
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[30]. The quenching temperature, which is realised
during SHS processing in the Ti-Zr-C system, exceed
2300 K, as this value corresponds to the existence of the
monophase TiC,,-ZrC, solid solution [28]. XRD study
also has shown that homogenisation of borides solid
solutions obtained by SHS realize deeper than the same
processes in carbides, obviously because of higher
specific enthalpy of reactions in boron containing
mixtures. These particularities of the Me-B systems
provide higher temperatures of heating in metal-boron
powdered mixtures while SHS processing and,
furthermore, this effect is amplifying due to lower
melting points and higher diffusion mobility of atoms,
which are inherent to metal borides.

2.3. SHS in the Me-X;-X, systems. The application
of SHS in complicated, such as Me-X;-X,, systems for
ceramic production is very attractive for several reasons.
First of all it is an effective method to modify ceramic
matrix by necessary additives and inclusions, so SHS
products can be excellent precursors in ceramic-metal or
ceramic-ceramic  composite  materials  technology
processing. Also, during the SHS in those systems it
becomes possible to synthesize some different
compounds, which could not be produced by the direct
SHS method, because of the lower heat effects. So such
compounds are forming through additional heat transfer
from the most exothermic reaction in the mixture, the so
called chemical oven®. The accompanying syntheses of
modifying phases allow realising the development of
advanced ceramic compositions  with  required
microstructure. The exploration of SHS in the Me-X;-X,
systems gives also the possibility to estimate the
influence non-metals contamination have on the
properties of SHS produced compositions.

2.3.1. SHS in the Ti-C-B system. The contents area
of SHS realisation in the Ti-C-B system discovered in the
present work is shown in Figure 4a. This area combines
the complex of component ratios, where SHS could be

Fig. 4. Contents areas of vacuum SHS realization in
Me-X;-X; systems: a — Ti-C-B; b — Zr-C-B; ¢ — Ti-C-
Si (e — combustion; © — no combustion; O — unstable
combustion).

realised without additional heating of initial mixtures and
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other technological finesses. Monocarbide, monoboride,
diboride of titanium and boron carbide are present in
SHS products dependent on the ratio of components
(Table 5). Basically, all SHS prepared compositions are
characterized by a high rate of interaction between
components, though the traces of titanium metal were
revealed in some of them. It is difficult sometimes to
estimate the grade of equilibrium for obtained SHS
products, because of the approximate character of phase
areas in the published equilibrium state diagram of the
Ti-C-B system [31] as well as values for the quenching
temperatures during SHS processing. The conclusion
about reactions, which can control the mechanism of
SHS in the Ti-C-B system, derived by Shcherbakov and
Pityulin [32] and directly confirmed later by Contreras et
al. [20] also relates to the present work. Everywhere
application of more active and fine-grained carbon with
higher value of specific surface relatively to that of boron
bring while SHS processing with the Ti-C-B mixtures to
the situation, in which the carbidization reaction of
titanium:

Ti+ (1 —x)C=TiC,, + AH, 2)
where AH = 185 kJ mol™ for x ~ 0 at standard conditions
becomes the prioritized process. It happens in spite of
lower enthalpy of formation for Ti monocarbide
compared with those of Ti diboride, because of more
developed Me-C contact surface area in comparison with
the same for Me-B, which is inherent for the Ti-C-B
mixtures with more active carbon, such as, e.g. carbon
black TG-10 (99.5 %) with specific surface S;> 10 m* g
used in this work or graphite powder Sofacel (99.6 %,
S,=27 m*g") used by Contreras et al. [20]. That is why
Ti monocarbide phase is present practically in all
compositions prepared by SHS in the Ti-C-B system,
include actually those, where TiC,, is not a stable
component of the SHS products, but only intermediate
phase that remained there due to the insufficiency of
treating time, i.e. low heat effect or high thermal loss that

aTiC1., + (1 — a)Ti+ b(1 — x)B = bTiB . + (I - BYTiC\ (ay-ape1y(1:ty»
aTiC,., + (1 - a)Ti + b(2 + 2)B = bTiBys, + (1 - BYTIC - (ayape1y(1.00
aTiCy+ (1 -a)Ti+ (2 +z)B =TiB,,, + a(1 —y)C,
aTiCyy + (1 —a)Ti + (6 + 2)B = TiBy+, + B4Ci_ay-at1),
4aTiC1—y +4(1 —a)Ti+b(1 —x)B4C,, = 4bTiB; + 4(1 — b)TiCI-[4a(1-y)+b(1-u)(l—x)+4(b-1)]/4(b—l)s
4aTiCy.y + 4(1 — a)Ti + b(2 + 2)B4C,,=4bTiBs, + 4(1 — b)TiC\_aa(1-y)tb(1-u)2+2)+4(b-1)14(b-1)s
4aTiC,., + 4(1 — a)Ti + (2 + 2)B4C1.=4TiBy., + [4a(l - y) + (1 — u)(2 + 2)IC,
aTiCy.y + bTiBy1, + (1 —a—b)Ti = cTiB . cab-brye T (1 = ) TiC o faqi-yyr(e-1)c-1)»

as parallel and consequent stages of dissolution-
precipitation (recrystallization) mechanism.

The equations of chemical reactions (6)-(13) could
be used for subsequent computing simulation of
processing in the Ti-C-B molten alloy during SHS with
taking into account reasonable values of the coefficients
accordingly the ranges of homogeneity for the phases of
variable composition. Thus, contents of SHS products
depend on the amount of liquid phase, which is
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cannot provide necessary conditions for afterburning
processes [6] during cooling down of the products. The
transient intermediate phase of semicarbide Ti,Ciiy
discovered by Quinn and Kohlstedt [33] in orthorhombic
modification and confirmed later by Banerji et al. [34],
was not revealed in the SHS products in this work,
though it is likely that namely the Ti,C (421) peak with
d=0.2310-0.233 nm could not be identified in the
earliest stage of 2Ti+C+2B SHS reaction while
Contreras et al. [20] were studying the process by the
TRXRD. The contact interaction between Ti and
generated TiC, jointly with essential overheating of
reactants bring to the formation of molten matter with the
temperature much more than the eutectic temperature in
Ti - TiC, quasi-binary system (1920 K), so the absence
of Ti,C.4 is quite explainable in connection with the fact
that the semicarbide phase, in opinion of some
researchers, e¢.g. Wanjara et al. [35], appears to remain
stable only up to temperatures of about 1773 K. After the
appearance of molten Ti alloy all consequent
transformations of the mixture are controlled by the
migration and interaction of this matter within the
reaction layer, which is moving along the mixture.
Although the processes of formation for Ti borides and B
carbide are very different, and titanium boridization
reactions are going with great heat release:

Ti+ (1 -x)B=TiB, + AH,, 3)

Ti+ (2 +x)B="TiB,ix + AH,, @)
where AH; = 159 kJ mol'l, AH, =280 kJ mol! (both for
x ~ 0 at standard conditions) at the same time, when the
formation of boron carbide:

4B + (1 —x)C=B4C, 4+ AH, 5)
where AH = 72 kJ mol™ for x ~ 0 at standard conditions
needs to get additional heat from more exothermic SHS
reactions coupled with it, both of these processes are
passing in molten medium while afterburning mainly by
means of following reactions:

(6)
(7
®)
)
(10)
(11)
(12)
(13)

controlling the synthesis in the mixture as a whole, so the
decrease of total amount of titanium and carbon in the
initial mixture certainly brings to the reduction of the
amount of liquid phase that is slowing the synthesis of
final products. In this case the initial reagents and
intermediate phases contents in SHS products increase
essentially. On the basis of this conclusion it has become
possible to explain the presence of a small amount of not
reacted metal titanium in the SHS products, which were
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Table 5
Compositions of SHS products in Ti-C-B system
Heat . .
o . . . J[TiC1 (200)]: | J[BsCi(021)]: | J[r-TiB(201)]:
Initial mixture in molar ratio* effect*?, - Composition** 1 . .
AH(KI ot J[TiByuy(101)] | J[TiBau(101)] | :J[TiBauy(101)]
- . TiByix, B4Cly, )
2Ti + C + 7B (2TiB, + 0.75B,4C + 0.25C) 205 e i - 1:11 -
TiBy+y, TiCy,
2Ti + 2C + 6B (2TiB, + 0.5B,C + 1.5C) 119 B.Ci 1:45 1:55 -
traces o-Ti
TiB2+x5 TiCl-xa
2Ti + 3C + 5B (2TiB, + 0.25B4C + 2.75C) 116 B,Ci,, 1:3.1 1:11 -
traces a-Ti
2Ti + 4C + 4B (TiB, + 2C) 93 T‘CEX’CT Baoo 15:1 (1:7)% -
4 1-x
3Ti+C + 6B (3TiB, + C) 210 TiBzuy, TiCy, 1:95 - -
traces a-Ti
3Ti+2C + 5B (2.5TiB, + 0.5TiC + 1.5C) 176 TiBay, TIC)y, 1:43 . -
traces o-Ti
TiBy+y, TiCy,
3Ti+ 3C + 4B (2TiB, + TiC + 2C) 149 ByCiy 1:2.2 1:5 -
traces o-Ti
: : : TiCl-m TiB2+xa .
3Ti+ 5C + 2B (2TiC + TiB, + 3C) 108 traces ByC,., 10:1 - -
TiB2+xs Tic]-x:
4Ti+ C + 5B (2TiB, + TiB + TiC) 226 traces r-TiB. 1:1.7 - ~0
*6
4Ti + 2C + 4B (TiB, + TiC) 233 TiBzyy, TiCoy, 1:15 - 1:6
r-TiB,
4Ti+4C+ 2B (3TiC + TiB, + C) 167 TiC\., TiBj4y 14:1 - -
: . : Ticl-xa TiB2+x7 .
4Ti+ 5C + B (3.5TiC + 0.5TiB, + 1.5C) 146 traces ByCy. 7:1 - -
4.5Ti +4.5C + B (4TiC + 0.5TiB, + 0.5C) 176 TiC,.,, TiBasy 8:1 - -
5Ti + C + 4B (4TiB + TiC) 164 r-TiB1y, B4Cy. (6.5 1)* 6:1 3:1

x> Ticl-xs TiB2+x

Notes: *Phase ratios in brackets are according the common accredited equilibrium state diagram Ti-C-B system.
*2Calculated for supposed thermodynamically stable products according equilibrium state diagram Ti-C-B system.
* By results of XRD analysis, in order to decrease of phase contents in composition.
#44-Ti — lower temperature modification of titanium metal.

#3J[B4C1x(110)]:J[TiB1:x(101)]
*8 1_TiB,_, — orthorhombic modification of titanium monoboride.

*#T(J[TiC,(200)] + J[r-TiB(210)]} : J[TiB,.x(101)].
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obtained in the mixtures with a lack of Ti. Although, at
first it seemed to be contradicted to elementary
meanings, especially when traces of metal titanium were
revealed together with boron carbide phase formed by
the reaction (9). But the consideration of the reactions
(10)-(12), which sometimes cannot be completed due to
the insufficient thermal load, allows to understand the
presence of B4Cy in some SHS prepared compositions,
where its existence is apparently unstable. Titanium
monoboride phase TiB;, found out in SHS products in
this work is presented by orthorhombic modification with
the lattice parameters well agreed with those in the
literature [36], but the stabilization of cubic modification
of TiB,4 by actually essential amounts of carbon has not
taken place there. Undoubtedly TiB,, is a necessary
intermediate phase of boridization process of titanium,
but only when the process is passing under 2460 K, the
upper limit of the stable existence of TiB;. Otherwise,
the reactions (7)-(9) and (11)-(12) dominate, so
monoboride phase can appear in the mixtures with higher
heat effects only during afterburning. The evidence of
presence for other possible phases of Ti-B system, e.g.
Ti;B4 or TiBs, was not found out in the work.

2.3.2. SHS in the Zr-C-B system. The contents area
of SHS realisation in the Zr-C-B system discovered in
the present work is a few smaller than those in the similar
system with titanium (Figure 4b). Depended on the ratio
of components (Table 6) monocarbide, diboride of
zirconium with traces of dodecaboride and boron carbide
were revealed in SHS products after combustion of the

4aZrCy.y + 4(1 — a)Zr + b(2 — x)B4C.y = 4bZ1B,.« + 4(1 — b)ZrC_[4a(1-y)tb(1-u)(2-x)+4(b-1)d(b-1)s

Zr-C-B mixtures. SHS prepared compositions in this
system are characterized by high rate of interaction
between components, though analogically to the Ti-C-B
system it is observed presence of insignificant amounts
of pure metal not entered into chemical reactions. The
gained experimental data on SHS products in the Zr-C-B
system confirmed the mechanism that was proposed
above to explain the character of interaction in the
Me-C-B mixtures during synthesis processing. This
mechanism is realised in the case, when the more active
carbon in comparison with boron is used, and it is well
agreed with the conclusions made by Tsushida and
Yamamoto [37], who had discovered a decisively
important role of carbon activation while studying
mechanically activated SHS of the Zr-B-C powdered
mixtures in air.
Thus, the carbidization reaction of zirconium:

Zr+ (1 -x)C=ZrC,4 + AH, (14)
where AH = 201 kJ mol™ for x~0 at standard conditions
as well as it was shown earlier for the system with
titanium, becomes the prioritized process, so it controls
the zirconium boridization reaction:

Zr+ (2 -x)B=Z7ZrB,, + AH, (15)
where AH = 306 kJ mol™ for x~0 at standard conditions
and the formation of boron carbide, accordingly to
reaction (5). Both of these processes are passing in
essentially overheated above 1890 K, the ternary eutectic
point B-Zr-ZrB,-ZrC, molten zirconium alloy while
afterburning by means of following reactions:

aZrCiy+ (1 —a)Zr + b(2 — x)B = bZrBy + (1 = b)ZrC\.ay-a-b+1)(1-b) » (16)
aZrCyy+ (1 —a)Zr+ (2—-x)B=ZrB, + a(1 - y)C, (17)

aZrCyy + (1 —a)Zr + (6 — x)B = ZrBy + B4Ci_ay-at1) (18)

aZrCyy + (1 —a)Zr + 16B = ZrB, + B4C.ay-a+1 » (19)

(20)

4aZrCiy+4(1 —a)Zr + (2 - x)B4Ci.y = 4ZrBo + [4a(1 —y) + (1 —u)(2 - x)]C, 21)
aZrCiy+ (1 —a)Zr + 4B4Cy.y = ZrBy; + B4C [aiy-1)14u-3), (22)

aZiCyy +bZrBy; + (1 —a—b)Zr = cZrBy a-120c) T (1 = ©)ZrCyf1-a1-y)(1-0)1> (23)
aZrCy +bZrBi; + (1 —a—b)Zr = ZrBs..120) T a(1 = y)C (24)

in the mode of
(recrystallization).

The comparative analysis of contents for SHS
products in the Me-C-B systems shows that the
completeness of the SHS reactions in the mixtures with
Zr is lower than the same character in Ti containing
matters. Therefore the mixtures with equal molar ratio
Me:C: B, e.g. 3:1:6, 3:2:5, 4:4:2 and some others, have
essentially higher content of intermediate phase, such as
B,C,, in the Zr-C-B system than in the similar system
with Ti. In the 3Zr + 3C + 4B mixture on account of the
slowdown of reactions (20)-(21) B4C,, although it is an
intermediate phase, becomes the main component of the
SHS products, but at the same time in analogous, the
3Ti + 3C + 4B mixture, the contents of titanium carbide

dissolution-precipitation

167

and boride phases considerably exceed the boron carbide
content. The cause of these differences between Ti and
Zr containing mixtures is in higher thermal load while
SHS processing that is inherent for the system with Ti.
The specific enthalpies of reactions (2) and (4) exceed
those for reactions (14) and (15) up to 50-60 %, but the
increase of densities for Zr compounds compared with
those of Ti amounts only about 35 %. Hence, the heat
released in the unit of volume in the Ti-C-B mixtures can
exceed the same character for the Zr-C-B mixtures more
than 35-45 %. Furthermore, this effect is amplified,
because at the same temperatures the diffusivity of atoms
in Zr compounds is lower compared to those for Ti, so
the lower grade of balance for the SHS products obtained
in the Zr-C-B system is quite understandable. Another
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particularity of the products obtained in the Zr-C-B
system is the observable redistribution of XRD peaks
intensities in spectra of Zr monocarbide phase that is
probably because of the dissolution of boron into cubic
ZrC,x and the formation of the mixed phase of
borocarbide Zr(C,B).

2.3.3. SHS in the Ti-C-Si system. For the lower
heat effects, which are proper to the interaction between
titanium and silicon, the contents area of SHS realisation
in the Ti-C-Si system is essentially smaller than those in
the systems considered in the present work above
(Figure 4c). Inadequate thermal load observed in the
Ti-Si powdered mixtures while SHS processing
extremely decrease the rate of chemical reactions. For
instance, determined by Kachelmyer et al. [38]
employing the TRXRD method, rate of interaction in
5Ti + 3Si mixture is about 60 times lower than that for
the 2Ti + C + 2B mixture defined by Contreras et al. [20]
applying the same method. In different mixtures that
were represented the Ti-C-Si ternary system and tested
for combustion synthesis three Si containing phases were
found out in the SHS products by the means of XRD
analysis: non-stoichiometric titanium silicon carbide
TisSi3.yCx (Nowotny phase), titanium disilicide TiSi, and
silicon carbide SiC (Table 7). In spite of insufficiently
high values of specific enthalpies of the formation
reactions for Si containing phases neither metal titanium
nor elemental silicon were revealed in the SHS products
in this system. Though it was reported about the
partiality of the Ti-C-Si alloys to form amorphous phases
[39], all SHS prepared compositions, including one
obtained from the 2Ti + 6C + 2Si mixture with the lowest
heat effect, are characterized by well crystallized
structure of phases. Practically the same SHS products
were obtained by Tomoshige et al. [40] for the initial
mixtures with Ti:C:Si ratios from 5:1:1 to 1:1:1, the only
one exception is TisSis, which was revealed in the sample
with equimolar ratio of components.

There is really no doubt about the prioritized process
in the Ti-C-Si system, because the interaction between Ti
and C dominates both in heat release and in contact
surface area on those of the Ti-Si couple. Thus it

5aTiCy, + 5(1 —a)Ti + b(3 £ y)Si = bTisSi3:,Cx + 5(1 — b)TiC_15(1-5)-5a(1-2)+bx]/5(1-bs
aTiCy., + (1 — a)Ti + 2bSi = bTiSi, + (1 - BYTIC1 {1110
aTiCp, + (1 —a)Ti + [2 + a(1 — 2)]Si = TiSi, + a(1 — 2)SiC,
5aTiCy, + 5(1 - )Ti + b(3 + y)SIC = bTisSize,Cy + S(1 — BYTIC 1150151501155 55551 b0
aTiC,., + (1 — a)Ti + 2bSiC = bTiSi, + (1 - BYTIC 113010150
10aTiC,, + [10 — 10a - (3 + y)]Ti + o(3 + y)TiSia = 26TisSize,Cx + 10(1 — )TICl3(1.0p 5801150501
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becomes possible to use the conclusions gained above for
the SHS in the ternary systems with boron, but due to
major amount of works devoted to the SHS in the
Ti-C-Si mixtures, it is more interesting to discuss the
obtained results. The great amount of papers, published
recently in this direction, could have been explained by
the attractiveness of Ti;SiC, as a unique phase [25,41-
43]. The SHS processing conditions realized in the
present work did not allow to synthesize Ti;SiC, and
confirmed the necessity of some finesses to manufacture
it, which should provide the passing of the eventual stage
of Ti3SiC, formation [44-45] according to following
equation:

4TiC,., + TisSiz,Cx + (2 + 4z — x)C = 3Ti3SiC,  (25)
properly. For the essential difficulties this stage required
large energy, so just the application of 150-second post-
combustion heating time appeared to increase the Ti;SiC,
yield more than twice [46]. Anselmi-Tamburini et al.[47]
also emphasize the importance of afterburning processes
in the interaction between Ti and Si while carrying out
the SHS by different technological methods. It is
understandable that the economizing version of SHS
processing, designed for broad application in different
ceramic productions, which was employed in the present
work, cannot afford to provide all conditions for
successful fabrication of Ti;SiC,. Therefore, only the
precursors of Ti;SiC, synthesis could have been obtained
under the deficiency of heat released by the internal
sources. But it needs also to note that the quasi-
isomorphic crystal structures for TisSiz+,Cx (hexagonal
MnsSis-type, Dg’ — P6y/mem) [48] and Ti;SiC,
(hexagonal MgZn,-type, Dg,* — P6;/mmc) [42] allow to
assume the existence of extensive mutual dissolubility.
Hence, the exact determination of TizSiC, in similar
compositions becomes of great trouble or impossible.

The consideration of SHS processing in the Ti-C-Si
system together with others (see 3.3.1 and 3.3.2) helps to
understand the mechanism of interaction between group
4 transition metals and non-metals while SHS
processing. As it was shown above, the appearance of
molten metal alloy induces SHS reactions, which for the
Ti-C-Si mixtures are expressed by following equations:

(26)
27
(28)
(29)
(30)
€2))
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The most detailed consideration of reactions in the
Ti-C-Si system during SHS processing presented by
Pampuch and Stobierski [14] became further
development of the Korchagin-Aleksandrov-Gusenko
mechanism previously proposed for the SHS in the
binary systems with titanium [49-50]. The quintessence
of “metal — non-metal” interaction, in accordance with it,
consists in growth of the reaction layer at the “carbon
(solid) — reaction layer (solid)” interface and the
concomitant dissolution of this layer at the opposite
“reaction layer (solid) — molten metal alloy (liquid)”
interface. Titanium (zirconium) carbide formed by the
reactions (2) and (14) on the “solid — solid” interface
under the consideration after this mechanism could be

called as “primary carbide” unlike from the metal carbide
phases of the different degree of stoichiometry, which
appear by precipitation from molten alloy during SHS,
include afterburning processes, by the reactions (6)-(7),
(10)-(11), (13), (16), (20), (23), (26)-(27) and (29)-(31)
and should be called in this case as “secondary carbides”.
A great deal of achievements and publications in
SHS technologyp [14,25,44-47] as well as nanostructural
in situ observations of group 4 transition metal alloys, for
instance the recent research by Iwamoto et al. [51],
confirm the proposed mechanism, which describes the
formation of silicides in the Ti-C-Si mixtures during SHS
processing by following stages. The appearance of quasi-
eutectic liquid caused the dissolution of solid powder

Table 6
Compositions of SHS products in Zr-C-B system
I-Ieat2
. . . . effect*”,— 43 J[ZrC,(200)]: J[B4C14(021)]: J[ZrB5(200)]:
Initial mixture in molar ratio* AH(KJ Composition* - J[ZrByy(101)] - J[ZrByy(101)] J[ZrB,,(101)]
mol ")
ZrBZ-x: B4Cl-x:
2Zr+ C+ 7B (2ZrB, + 0.75B,C + 0.25C) 222 traces ZrC,_, and ~0 1:8 ~0
7B,
27Zr+2C + 6B (2ZrB, + 0.5B4C + 1.5C) 162 ZZr?CZIXX,%rCBIS 1:75 (1: 4 1:9
271 +3C + 5B (2ZB, + 0.25B,C + e ZZIPCZ]%CC;S Liaa (136 o
2.75C) 7B,
ZrBy.x, B4Cix
3Zr+ C+ 6B (3ZrB,+ C) 230 ZrC,_, traces 1:11 1:1.3 ~0
ZrB12
ZrBz_x, ZrCl_x,
32r+2C+ 3B ézs'éerz T LSZiCH 237 B.C,., traces 1:6 1:15 ~0
’ ) ZrB12
BiCix, Z1Cyy,
3Zr+3C+ 4B (2ZrB, + ZrC + 2C) 203 ZrB,_,, traces 1:1 6:1 ~0
ZrB12
3.33Zr+3.33C + 35)33B (Z1B, + ZrC + 169 2tC,... ZtB, 131 ) )
4Zr + C + 5B (2.5ZtB, + ZrC + 0.5Zr) 242 Z1Byy, ZrCyy, 1:2 ~0 ;
traces B4Cy_,
ZrBz_x, ZrCl,x,
47Zr + 2C + 4B (Z1B, + ZrC) 254 B,C,.,, traces 1:1.6 1:2.6 ~0
ZI'B12
7ZxC,, Z1B, 4,
4Zr +4C + 2B (3ZrC + ZrB, + C) 182 traces B4Cy 4 8:1 - -
and o-Zr*
ZrCl_x, ZrBz,x,
47Zr + 5C + B (3.5ZrC + 0.5ZrB, + 1.5C) 156 traces B4Cy_, 20:1 - -
and o-Zr
7ZxCy, Z1B, 4,
5Zr + C+ 4B (2ZrB, + ZrC + 2Zr) 163 B,C, ., traces a- 1:1.3 1:5.5 -
Zr

Notes: *Phase ratios in brackets are according the common accredited equilibrium state diagram Zr-C-B system.
*2Calculated for supposed thermodynamically stable products in standard conditions according equilibrium state

diagram Zr-C-B system.

**By results of XRD analysis, in order to decrease of phase contents in composition.

#J[B4Cix(110)] : J[Z1B,,(101)]

*3g-Zr — lower temperature modification of zirconium metal.
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Table 7
Compositions of SHS products in Ti-C-Si system
o ., Heat effect*,— | JesSicaon: | J[TisSis,Cyto2): | TTSEGIDE
Initial mixture in molar ratio AH(KJ mol ) Composition . J[TiCy (200)] - J[TIC,1(200)] : 1%10(;]1
2Ti+ 6C + 28Si (TiC + SiC + C) 84 TiC, 4, a-SiC 1:2 - -
TiSSifainxa
2Ti + 5C + 3Si (2TiC + 3SiC) 114 0-SiC, TiCy_,, 1:2 3:1 1:13
TiSi,
TiC,, a-SiC,
3Ti+ 5C + 28Si (3TiC + 2SiC) 138 TiSi,, 1:13 1:20 1:3
TisSi3.,Cy
TiCl-xs
4Ti+ 5C + Si (4TiC + SiC) 161 TisSi;.,Cy, 1:7.5 1:1 1:1.7
TiSiy, 0-SiC
TiSi,,
3.45Ti + 0.35C + 6.2Si (TiC + 9TiSi,) 140 TisSizeyCy, - (3 20 : 1)*°
TiC]_x
TiSi,,
3.7Ti + 1.1C + 5.2Si (3TiC + 7TiSiy) 150 TisSizeyCys - (1.3: 1) (5:1)*
TiCy
TiSi,,
4Ti+ 2C +4Si (TiC + TiSi,) 160 TisSis.,Cy, 1: 2 1:14 25:1
TiC,, a-SiC
TiC,, TiSiy,
4.35Ti + 3.05C + 2.6Si (7TiC + 3TiSi,) 170 TisSi.,Cy, 0- 1:13 12:1 15:1
SiC
TiCl-x»
4.75Ti +4.3C + 0.95Si (9TiC + TiSi,) 180 TisSi;.,Cy, - 1:35 1:5
TiSi,

Notes: *Phase ratios in brackets are according the common accredited equilibrium state diagram Ti-C-Si system without
taking into account the existence of Ti;SiC, ternary phase.

*2Calculated for supposed thermodynamically stable products in standard conditions according equilibrium state
diagram Ti-C-Si system without taking into account the existence of Ti;SiC, ternary phase.
*By results of XRD analysis, in order to decrease of phase contents in composition.

][ TisSi3,Cy (102)] : J[TiC)(220)]
#J[TiSi,(311)] : J[TiC1(220)].
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Fig. 5. Evolution of the fraction of — 40 pm powder
particles M_4 (a), the average size of powder particles
d (b) and tungsten contamination of powders my (c)
as a function of milling time t,, for: 1 — SHS titanium
carbide (initial molar ratio Ti+ 1.1C); 2 — SHS
zirconium carbide (Zr+1.1C); 3 — SHS hafnium
carbide (Hf+ 1.1C); 4 — furnace synthesised from
oxide, carbothermic titanium carbide.
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oversaturated with Ti and Si in the course of continuous
dissolution, the precipitation of silicides made up pro rata
of the phase diagram, but the presence of intermediate
phases in the eventual products could be mostly due to
the lack of sufficient reaction time to complete the phase
transformation of SHS products. The results obtained in
the present study allow to spread of the considered
mechanism to all discovered systems with group 4
transition metals. The mechanism helps to explain some
particularities of contents for SHS products, which could
be prepared in the Me-X;-X, systems. Thus, the presence
of Ti or Zr monocarbide phase in all specimens tested for
the combustion synthesis in this study irrelatively to their
compositions (see Tables 5-7) became absolutely clear
after the consideration of “primary carbide” formation
and its role in SHS processing. The only one exception to
this phenomenon was found among the Ti-C-B burnt
mixtures, when initial boron content exceeds that of
carbon 7 times.

2.4. Testing SHS products for production of
ceramics. The aptitude of SHS products to ceramics
production became of great interest for technologists
since SHS has been invented in the 60 s. Furthermore,
the behaviour of SHS powdered materials has some
particularities compared to conventional ceramic
powders. Figure 5 shows variations in the fraction of -
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40 um, the average size and contamination as a function

(carbides, borides) group 4 transition metals (titanium,

Table 8
Physico-chemical characteristics of SHS powdered ceramic compositions
Modifying Milling time | Particle size Specific Density | Contamination (wt %)
Base additions (h) (um) surface ( cm’3)
(0 + 40 vol %) H m’gh | ‘& W Fe
TiC .« TiBs4y, 40-60 1-8 1.0-1.5 4.4-48 1.5-2.5 0.3-0.5
TisSi34,Cx,
TiSiz,B4C1_X,(1-
SiC,carbon
ZrCy | ZrB,4,B4Ci,0- 30-40 1-6 1.3-1.8 6.0-6.4 1.0-2.0 0.1-0.2
SiC,carbon
HfC,, | HfB,,B,C,,0- 20-30 0.5-4 2226 |11.6-12.2 | 0.8-1.8 0.05-0.1
SiC,carbon

of milling time for SHS manufactured specimens with
initial mixture molar ratio Me(Ti, Zr, Hf):C = 1:1.1 and
titanium carbide, furnace synthesised by carbothermic
reduction from oxide as a usual object for the
comparative analysis of milling character [52]. The
gained experimental data demonstrate that the suitability
for fine milling raises in the series of manufactured by
the SHS vacuum version carbide materials
TiC, 4 -ZrC,-HfC /. In this series the melting points of
materials increase, but the specific enthalpies of
carbidization decrease, so it brings about the reduction of
reaction sintering effect and, respectively, relative
density and strength of “carbide sponge”. That is why the
milling procedure for SHS manufactured titanium
carbide materials is more difficult in comparison with
other group 4 transition metal carbides. Theoretical
strengths of all carbides of this series [53] differ
insignificantly, so micro-milling of fine carbide powders
is passing with approximately equal rate. Evidently, the
contamination while milling linearly depends on the
specific surface of milled materials, so it is great
disadvantage of conventional means for milling in
ceramic production of pure refractory compounds.
However, SHS powdered materials possess a higher level
of abrasiveness than the same contents materials, for
instance, synthesised by carbothermic reduction,
therefore the procedure of milling for the SHS materials
is much more resource-intensive and difficult. The
application of the similar to the milled materials in the
process of milling as lining plates and milling balls
becomes possible after the enlargement of production
scale. Such steps allow essentially to decrease the
contamination of milled SHS materials while processing.
The experience in SHS ceramic compositions fabrication
is summarised in Table 8, where generalized physico-
chemical characters for different kinds of ceramic-
ceramic composite precursors are presented.

Conclusions

Being more effective and accessible than other
versions of SHS, the vacuum method provides the
production of precursors for ceramic-ceramic composite
materials based on the oxygen-free refractory compounds
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zirconium, hafnium) in wide ranges of the molar ratios
for the common commercial reagents: metal powders and
elemental powders of non-metals (carbon, boron,
silicon). Applying vacuum SHS technique there could be
successfully synthesised: cubic monocarbide phases
MeC,x (Me=Ti, Zr, Hf) in the Ti-C, Zr-C, Hf-C,
Ti-Zr-C, Ti-C-B, Zr-C-B and Ti-C-Si systems;
orthorhombic monoboride TiB, in the Ti-C-B system;
hexagonal diboride phases MeB,., (Me =Ti, Zr, Hf) in
the Ti-B, Zr-B, Hf-B, Ti-Zr-B, Ti-C-B and Zr-C-B
systems; hexagonal titanium silicon carbide TisSis.,Cy
and titanium disilicide TiSi, in the Ti-C-Si system; boron
carbide B4C; in the Ti-C-B and Zr-C-B systems and
silicon carbide as an a-SiC phase in the Ti-C-Si system.
All these obtained phases were characterized by well-
crystallized structures in spite of the evident transience of
synthesis, though traces of initial reagents, for instance
metal Ti or Zr, were observed in some manufactured
compositions in the Ti-C-B and Zr-C-B systems. The
values of lattice parameters and densities for synthezised
phases are in good agreement with those in literature.
The insignificant presence of zirconium dodecaboride
ZrB), could be expeled completely after 0.5 h soaking at
1850 K in vacuum.

Titanium and zirconium monocarbide phases MeC_,
could be prepared by vacuum SHS with different C/Me
ratio along the whole range of their homogeneity, but the
fabrication of stoichiometric carbides is connected with
some diffusion difficulties, so MeC,., with x values less
than 0.05 could be formed in SHS products prepared
from the initial mixtures with molar ratio Me + 1.5 C or
richer in carbon content. Taking into account the loss of
carbon while SHS processing, the mixtures Me + 1.1C
are recommended to manufacture pure monocarbide
phases with maximal value of C/Me ratio, although the
amount of free (not combined with metal) carbon in such
SHS products is about 7.5-15 % of total carbon content.
Prepared by vacuum SHS titanium-zirconium mixed
monocarbide phases (Ti,Zr)C, in the Ti-Zr-C system as
well as mixed diborides (Ti,Zr)B,., in the Ti-Zr-B
system also possess well-crystallized structures, but not
so perfect as it was explored in the materials soaking at
high temperatures for a long period of time.
Nevertheless, it was possible to confirm the positive
deviation of the wvalues of lattice parameters from
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Wegard’s law in the continuous series of TiCy-ZrC
solid solutions, which was determined for the samples
homogenized by high-temperature hot-pressing. The
comparative analysis of SHS processing in the Me-X;-X,
systems shows that the contents area of SHS realization
for the investigated systems is maximal for the Ti-C-B
system and minimal for the Ti-C-Si system. This
conclusion is quite evident, because due to the lower
values of specific enthalpy for reactions with silicon all
attemts to initiate SHS in the Ti-Si mixtures were failed.

The analysis of results obtained in the present study
for SHS, which was realized with more active carbon
component, confirmed that the metal carbidization
reaction controls the SHS processing as a whole. The
appearance of molten quasi-eutectic alloy induces SHS
reactions that are described in details by the series of
equations proposed in the similar studies first. The
further consideration of SHS processing in the Me-X;-X,
systems carried out in the present study allows to spread
the Korchagin — Aleksandrov — Gusenko mechanism,
developed successively by Pampuch with co-workers, for
the combustion synthesis in these systems. In accordance
with this mechanism metal — non-metal interaction
during SHS consists in the growth of the reaction layer at
the “carbon (solid) — reaction layer (solid)” interface and
the concomitant dissolution of this layer at the opposite
“reaction layer (solid) — molten metal alloy (liquid)”
interface. So metal carbide formed by the main reaction
on the “solid — solid” interface could be called as
“primary carbide” unlike from metal carbide phases or
other phases of the different degree of stoichiometry,
which appear by precipitation from molten alloy during
SHS, include afterburning processes, and should be
called in this case as “secondary carbides” or “secondary
compounds”. The present study jointly with recent
achievements and publications in SHS technology as well
as nanostructural in situ observations of group 4
transition metal alloys confirm this mechanism, which
describes the formation of borides, silicides and non-
metal carbides in the Me-X;-X, mixtures during SHS
processing by following stages. The appearance of quasi-
eutectic liquid caused the dissolution of solid powder
particles into the molten phase. When the liquid is
oversaturated with any elements in the course of
continuous  dissolution,  the  precipitation  of
corresponding compounds made up accordingly to the
phase diagram, meanwhile the presence of intermediate
phases in the eventual products could be mostly due to
the lack of sufficient reaction time to complete the phase
transformation of SHS products.

The suitability of obtained SHS products for fine
milling raises in the series of compositions based on
carbides TiC-ZrC,-HfC,,. In this series melting
points of materials increase, but specific enthalpies of
carbidization decrease, so it brings about the reduction of
reaction sintering effect and, respectively, relative
density and strength of “carbide sponge”. Therefore
procedure for SHS manufactured titanium carbide
materials is more difficult in comparison with other
carbides. Theoretical strengths of all carbides of this
series differ insignificantly, so micro-milling of fine
carbide powders is passing with approximately equal rate
and the contamination while milling linearly depends on
the specific surface of milled materials. SHS powdered
materials possess a higher level of abrasiveness than the
same contents materials, for instance, synthesised by
carbothermic reduction, therefore the procedure of
milling for SHS materials is much more resource-
intensive and difficult. The application of the similar to
the milled materials in the process of milling as lining
plates and milling balls allows essentially to decrease the
contamination of milled SHS materials.

Thus, tested in the present work vacuum SHS
technique provides the fabrication of the ceramic-ceramic
composite precursors based on the oxygen-free refractory
compounds of group 4 transition metals in the wide range
of component contents, which could be treated
subsequently by the conventional methods of ceramic
production.
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Po3pobka BakyyMmHOI Bepcii BHCOKOTEMIIEpaTypHOrO cuUHTe3y, 1o cam nomupioerses (CBC), y crmonykax 4
IPyNH MepexifHuX MeTamiB (TiTaH, LHUPKOHIH, radHiil) 3 HeMeTanamu (Byriempb, 60p, KpeMHii), Oy KocmimKeHi 3a
JIOTIOMOTOI0 XIMIYHOTO, IEHCUMETPUIHOTO, MIKPOCKOIIYHOTO 1 (ha3oBoro peHreHiBcpkoro XRD anamizy. Pesynprati
posrisiny CBC i3 BeNMKOIO KUTBKICTIO aKTHBOBAHOTO BYTLLIS MiATBEPIXKYIOTh, IO peakilis KapOimizamii Merary B
uinomy kepye CBC. 30BHIIIHINA BUIIISA PO3ILIABICHOIO KBa3i-eBTEKTHYECKOTO CIUIABY CTHMYIIIOE PEaKIlii, IeTAIbHO
OIMCaHi HHU3KOIO PIBHSHB, SIKi 3alPONOHOBaHI B MOMIOHMX HOCHPKeHHSX ynepumie. Jerampauit anamiz CBC, mo
pobuts y mnotpiiinux Me-X-X; (Me=Ti, Zr-X;, X, =C, B, Si) cucremax IoIycKae MOXJIUBICTh NOLIMPUTH
MmexaHi3M Kopuarina -AnekcanipoBa - ['y3eHKO Ha CHHTE3 TOPIHHSM Yy TaKUX cucteMax. bymyun Oinbir eexTuBHOT i
JOCTYNHHH, 4uM iHIIi Bepcil Bakyym CBC, moike 3abe3mnedyBaTi B IIMPOKUX MeXaxX KOHIHETpauiil KoH(paOyIsuio
KepaM-KepaMiuyHUX CKJIAJHUX IPEKYPCOpiB, 3aCHOBAHMX Ha OCCKHCHEBMX BOTHETPHBKHX CIHOJIyKax MEpeXiIHHUX
MeTatiB 4 rpymu.

KuarouoBi cioBa: caMONoOmMUpyIOKOIIUIiCS BHCOKOTEMIIEPATYpPHUI CHHTE3, APOOJICHHS, OOpuIw, KapOimw,
CHTIIUIH.
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