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Abstract. The main approaches to the synthesis of titanium carbide-based composites used in numerous
studies during the last five decades are reviewed in order to generalize and anayze the correctness of
phenomenologicd ideasto explain the physical processesthat can occur during theinteraction of titanium and
carbon. The main theoretical approaches to the modeling of the synthesis process developed mainly in the
field of combustion and explosion are described. These are models of solid-phase combustion, models with
separation of reaction cdlls, and models of mechanicsof heterogeneous media. Both advantages and disadvantages
of the used approaches and models are analyzed, indicating those essential parameters which should be taken
into account for a more adequate interpretation of the synthesis results. None of the known approaches can
be used to predict the phase composition and structure when the synthesis conditions change.

1. INTRODUCTION

Titanium carbide and composites containing it as
strengthening particles find wide application in indus-
try [1-6]. This is due to the fact that titanium carbide
TiC, along with HfC, ZrC, and WC has a high melting
point and high wear resistance aswell asthermal stabil-
ity. Sincethe preferential propertiesof carbidesarereal -
ized only in multiphase composites, the problems of
carbideformationdirectly (in situ) in complex heteroge-
neous systems remain relevant.

Methods of titanium carbide synthesis have been
knownfor alongtime[3], arevery diverseand areregu-
larly developing [6-14]. In the generalized case severa
types of titanium carbide synthesi s can be di stinguished.
One of them is based on chemical reactionsof reduction
in gas medium or dissolution-deposition in melts [3,9,
12-20].

In particular, awell known method of producingtita-
nium carbide powders by reduction of TiO, under
thermochemical reaction conditions[15], wheretheto-
tal reaction can be presented as

TiO,+3C — TiC+2CO. (1)

In practice, carbidization of titanium oxideiscarried
out at high temperature ~ 2000 °C, which can be referred
to a significant disadvantage of this method.

The mechanism of formation of single crystals of
titanium carbide by dissolution of Ti and C in liquid
calcium and subsequent crystallization of TiC particles
from the melt isamodification of the solution method of
producing single crystals of carbides of transition met-
als, conducted in melts of magnesium, aluminum, iron,
cobalt and nickel [20]. The group of thermochemical
methods also includes obtaining titanium carbide by
sol-gel method [16-19], but such processes are compli-
cated and multistage [19]. Among the variety of used
chemical compounds of titanium, titanium tetrachloride
and its hydride are widely used as precursors for car-
bide production besidestitanium oxides. For example, a
two-step method of titanium carbide production
from aluminum subchloride, titanium tetrachloride and
carbon is known [21], magnesothermic reactions of
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titanium carbide synthesis involving titanium dioxide
areasoused [22-24].

Another group of methods for producing titanium
carbideis based on classical metallurgical processes of
powder technologies. This group includes traditional
technologies of sintering of pure titanium and carbon
components, high-temperature synthesis under condi-
tions of combustion and thermal explosion, using hy-
brid (combined) technologies of thermal force and
electrophysical effects (hot isostatic pressing, radiant
heating, electrospark sintering, high frequency current
heating, etc.) [25-42]. In most cases of using methods of
this group, the standard reaction is realized:

Ti+C— TiC. (2)

But using pure titanium as a feedstock is not aways
economically feasible.

A special direction was the development of tech-
nologies for obtaining titanium carbide using DC arc
discharge plasma[42]. But a common disadvantage of
plasma chemical methodsisthe complexity of the hard-
ware design and high expenditure of electrical energy
required to maintain chemical transformations in the
plasma, aswell asthe use of hydrogen [43-47].

The continuing interest to titanium carbides is also
dueto anumber of itsstructural featuresthat have been
discovered and investigated recently. In particular, ma-
terial sbased on non-stoi chiometric titanium carbide (spe-
ciesTi,C,T ), which havean extremely high melting point
(up to 3260 °C), high hardness, high electrical conduc-
tivity, and excellent chemical and thermal stability, are of
considerableinterest [48-53]. They aretwo-dimensional
inorganic compounds consisting of layers of several
carbide molecules. Each layer is coated with negatively
charged atoms such as oxygen, nitrogen or fluorine.
Solid-phase processes are used to produce titanium
carbide in this form, in which the reaction occurs be-
tween metals (or metal oxides) and elemental carbon at
high temperatures of 1500 to 2300 K. The high tempera-
ture of the solid-phase reaction accelerates the diffu-
sion of carbon into the metal oxide or metal, which ac-
celeratesthereaction, controlled by diffusion. Nanoscale
structures based on titanium carbide [4,51,52] have great
potential in the production of lightweight materials and
can be used for microwave absorption, electromagnetic
shielding, and energy conversion and in the field of
chemical catalysis. Composites containing titanium car-
bide and two-dimensional structures based on it are of
interest from the point of view of applicability in me-
chanical engineering and aerospace industry, aswell as
in 3D-technologies[48,51-52].

The purpose of the brief review is to analyze the
available ideas about the kinetics of formation of com-

posites based on titanium carbide in self-supported
modes and the applicability of the available theoretical
approaches to predicting the appearance of
nonequilibrium phases and the choice of synthesis
modes of composites.

2. EXPERIMENTAL STUDY

Since the Ti-C system has been studied for quite along
time, awealth of experimental material has been accu-
mul ated that describes not only the physical and chemi-
cal criteriafor obtaining carbidesin awiderange of their
homogeneity, but also the structural-phase state fea-
tures of alarge set of non-stoichiometric carbides. If we
consider the classical methods of powder metallurgy
[29,35-39,54] of obtaining aTi-TiC metal matrix compos-
ite, the procedureisreduced to milling, mixing and sub-
sequent heat treatment, possibly in combination with
extrusion at 900 °C. The authors [54] distinguish differ-
ent stages, whose kinetics include dissolution of the
smallest particles, saturation of the matrix with carbon,
change in stoichiometry of TiC carbide from the initial
composition of TiC, to the equilibrium composition
(TiC,,,)- The changein carbide composition causes an
increase in both the total mass fraction of particles and
their diameter. This, in turn, promotes contact between
individual particles in the most reinforced areas and
leads to an increase in the growth rate of the particles.
The authors describe the change in particle composi-
tion by the reaction

(1-y)Ti+ yTiC > TiCy (3)

and do not identify phases of thetypesTi,C, TiC,, Ti.C,
as independent structures in the carbide composition.
Another possible way to obtain composites based
on titanium with inclusions of strengthening particles
can be based on the methods of self-propagating high-
temperature synthesis (SHS) [55-57] or combustion syn-
thesis. Examples of combustion synthesis of compos-
itesof the TiC/Ti type, aswell aswith TiCinclusionsin
amatrix of complex composition canbefoundin[30,58].
However, due to the nonequilibrium nature of the syn-
thesis process itself and the presence of awide area of
homogeneity inthe Ti-C system statediagrams[19,59],
it is impossible to predict the composition of the syn-
thesis product based only on thermodynamic calcula
tions, as evidenced by the data [30,60]. Therefore, the
preparation of Tiny—Ti composites by combustion syn-
thesis requires arelatively high excess of Ti, based on
the use of elemental powders. However, since the ex-
cess titanium acts as a heat sink (plays the role of an
inert filler) during the reaction, the mixture may not be
capable to self-propagating combustion under these
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conditions[30]. To overcomethelimitations of thermo-
dynamics and/or kinetics, severa activation methods
based onthermal [61], eectrical [62], mechanical [63,64],
and chemical [65,66] stimuli have been proposed inthe
literature. In particular, the use of chemical promotersto
enhance the reactivity of different systems has been
investigated in the SHS literature. For the case of car-
bide synthesis, it isshown that the most effective choice
of active self-propagating reactions in low-exothermal
systems, aswell asfor systemswhoseactivationiscom-
plicated by the presence of passive films on the rea-
gents, is the use of individual additives/promoters, for
example, halogenide-bearing organic polymers, alkali
metal halidesand nitrates[66]. In[66], self-propagating
high-temperature synthesis (SHS) of titanium carbide
(TiC-Ti) compositesfrom elemental powdersinthe pres-
ence of gas accelerants (i.e., Teflon) is studied. In par-
ticular, the dual role played by the polymer, i.e. as a
reaction promoter and as a carburizing agent, was in-
vestigated. The polymer isdirectly involved in the car-
burizing process of titanium and leadsto anincreasein
combustion temperature and rate. The authors showed
that if the carbon to titanium ratio (C/Ti) is properly
changed, TiXCy—Ti compositescontaining Ti-metal inthe
range of 0-25 wt.% can be prepared. Asarule, the kinet-
ics and mechanism of phase formation are not discussed
in detail in such studies.

In general, as amodel system for self-propagating
high-temperature synthesis (SHS), the Ti/C system has
been and remains the subject of humerous studies [67-
80]. Practically thefirst work wherethe titanium-carbon
system is considered as gas-free was [70]. Scientific
publications contain data both on the solid-phase mecha-
nism of synthesisin this SHS system and on the mecha-
nism in which capillary spreading plays a significant
role[71,81-84]. Thus, it wasshownin[81] that the com-
bustion of mixtures of titanium and soot involves capil-
lary spreading of the metal in the pores that are formed
between refractory particles. Formed titanium carbide
inhibits further reaction. The products have areas with
a deficiency of one component and an excess of the
other, because the finite rate of spreading only partially
improvesthe mixing of the components. The smaller the
particle size, the smaller the effect of capillary spreading
[82]. The authors [71] suggest that the interaction of
titanium with carbon in the combustion wave may be
accompanied by the formation of a carbide phase of
variable composition and carbon solution in liquid tita-
nium. Comparing the results for mixtures of stoichio-
metric and nonstoichiometric compositions (cal culated
toform TiC, and TiC_,), the authors concluded that in
the first case the leading stage is the carbidization of
titanium, while in the second one the dissolution stage

of carbon in titanium with lower activation energy.The
study of the explosion of mixtures of Ti and Zr with
graphite under controlled conditions of electric current
heating [85] also leadsto the conclusion about the lead-
ing role of liquid-phase processes, namely the process
of spreading of liquid metal through the pores of the
soot coating. Inthe monograph [56], adetailed analysis
of transport and spreading mechanismswithin the reac-
tion cell also statesthat the process of melt spreadingin
the combustion wave is accompanied by a heterogene-
ous chemical reaction of solid product formation, and
these processes are intrinsically connected with each
other.

As noted by the authors [86], when initiated by a
laser with awavelength of 1.06 um, aliquid melt bathis
formed first in such systems, and only then the reac-
tions start. The transition from the solid-phase mecha-
nism (whose rate is limited by diffusion through the
solid product layer) to the liquid-phase mechanism (dif-
fusion during dissolution of carbonin liquid titaniumis
determinative) is possible both with changes in the ra-
tio of initial components, particle sizes, and during com-
bustion. In[87], the difficultiesinidentifying the stages
of product formation in the SHS wave, related to the
fundamental features of reactions involving solids, are
discussed. Based on the analysis of synchrotron radia-
tion data, the authors believe that the leading stage is
the formation of primary productsin the refractory rea-
gent layer, and that spreading cannot be directly ob-
served. In[88], high-speed filming revealed theintensi-
fication of the process due to the release of residual
gases in the synthesis wave and established that the
reaction region consists of hot spots localized near the
fusible reagent particles. The formation of spotsis as-
sociated by the authors with the phenomenon of capil-
lary spreading in the heating zone.

The concentration distribution in the combustion
wave of the Ti-C systemwas studied in[89]. The begin-
ning of awide reaction zone on the basis of microscopic
studies is selected the place where melting and spread-
ing of titanium particlesisobserved. Increasing the size
of the particlesleadsto moreincomplete transformation
and expansion of the reaction zone. In general, under
nonequilibrium conditions, which take placeinthe SHS
wave, synthesis can be accompanied by the formation
of Ti,C, Ti,C,, etc. phasesthat are absent in the equilib-
rium state diagram[59,90,91]. However, detailed studies
[92,93] suggest that thereisapossibility of stabilization
of nonequilibrium phases. In [94,95] it is emphasized
that in the phase diagram in the range of TiC carbide
there are il phases Ti C,, Ti.,C,, and Ti,C, which can
be synthesized experimentally. And first-principles cal-
culationsindicatethat the Ti.C, Ti,C,, Ti,C,, Ti.C,, and

372 473 54



A.G. Knyazeva and E.N. Korosteleva

Table 1. Phase compositionin SHS productsfor different initial compositions, lattice parameter afor titanium carbide
TiC, and the value of the stoichiometric coefficient X caclulated from the lattice parameter..

Calculated phase Determined phase L attice parameter Stoichiometric
composition composition, vol.% a,nm coefficient X, [99]
TiC, Ti

TiC+30vol.%Ti 100 - 04320 0.69
TiC+40vol .%Ti %5 45 04310 058
TiC+50vol.%Ti 935 65 04302 050
TiC+60vol.%Ti .4 246 0429 <050

Ti C, phases are stable at high pressures. The presence d dT dT

of these phases in the synthesis products, along with E [xaj -U,cp E +®=0. (4)

TiC, is often identified as non-stoichiometric titanium
carbide TC,_[96,97] with anoticeable deviation fromthe
equiatomic compound (Table 1).

Interestinthe Ti-C system in recent yearsis associ-
ated with the possibility of obtaining ordered structures
like Ti,Cinmixtures Ti-0.5C, withthe possibility of ac-
celerating reactions in granular mixtures and obtaining
titanium carbonitride during combustion in adownflow
of gas[98,99]. In contrast to powder systems, in which
convective transport associated with the melt flow of a
fusible component under the action of capillary forces
and gas pressure plays amajor role [100,101], no melt
layer isformed during combustion of pellet mixtures. In
general, assumptions about the possibility of the syn-
thesisof nonequilibrium phasesin the combustion wave
have been suggested inthe literaturefor along time [56,
102] and referencesin [56] to earlier publications, but
convincing experimental evidence has not yet been ob-
tained. The situation has not been significantly clarified
in[103] either.

3. THEORETICAL CONCEPTS

In spite of the fact that there are quite alot of methods
of titanium carbide synthesis and modifications of the
methods appear every year, only inthefield of combus-
tion and explosion along with active experimental stud-
ies of the mechanism of product formation in this sys-
tem, abigroleisgivento mathematical modeling. How-
ever, even herethereis still no unified point of view on
the need to take into account in the models those or
other physical phenomena.

Classical thermal models[104-106], which havewan-
dered from one review or monograph to another, are
based on the assumption of a narrow chemical reaction
zone and a thermal reaction mechanism. The simplest
stationary model involves the heat conduction equa
tion written in the coordinate system associated with
the combustion front moving with velocity U, (which
must be found in the course of solving the problem).

The conditions correspond to the fact that the rea-
gents are on the left and the reaction products are on
theright:

X—>-0:T=T; Xx>+0:T=T, (5)
where
Q
Tb_Tad_T0+Cp (6)
P

adiabatic combustion temperature. It is assumed that
the rate of the chemical reaction depends on the tem-
perature according to the Arrhenius law

Ea)
ey |

When taking into account the level of completeness of
the reaction, the kinetics equation, also written in the
coordinate system associated with the front,

= QW(T) = Qk, exp(—

dn
U, —=kW(T)eM), (7)
dx

and additional conditions
X—>-0:n=0, X>+0:n=1 (8)

areadded to (4).
The function @ also changes:

E
@ = Qp(mW(T) = Qk,¢p(n) exp(——aj-
RT

Analytical estimates of the front velocity based on the
stationary model have been made by various authors
[106-109]. For

o) =@1-n)",

the approximate estimate hasthe form
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, A RT’ E
U, =0, ——k|——| (9)
Q E, RT,
where
n (12) n Y
c =2 —+1 — |,
2 2e
where

r(z)=[et“?dt
0

isthe Gammafunction.

In [110], the gasless combustion mechanism was
studied using theAl+Fe,O, thermite system as an exam-
ple. The stoichiometric mixture was diluted with the fi-
nal product. Inthiscase, the cal culated combustion tem-
perature (2450 K) waslower than the boiling point of the
most volatile component, and the gas phase was not
formed. Analysis of the temperature dependence of the
combustion rate showed that the leading reaction pro-
ceeds at temperatures closeto the maximum. Inthis case,
diffusion is not the limiting stage, and the combustion
processisdescribed by the simplest thermal theory. The
Ti-C system also satisfies the combustion conditions
for the gas-free compositions, as suggested by [70].
However, in contrast to the thermite mixture, where the
reaction is predominantly in the liquid phase, only tita-
nium meltsin the mixture of titanium powderswith car-
bon. In direct contact with carbon, titanium carbide is
formed, which can become abarrier to the further course
of the reaction. This leads to the need to consider the
stages of the physical-chemical process associated with
diffusion through the reaction product layer.

In [111], the expansion of the reaction zone under
stratified combustion conditions is associated with the
braking of the reaction by the refractory product layer,
using the logarithmic law as an example. For systems
with solid-phase products, the authors conventionally
distinguish three zones in the combustion front: a heat-
ing zone, a spreading zone, where the reaction rate is
high, and an afterburning zone. In general, finding the
type of function isassociated with great difficulties; the
kinetic regularitiesfor two limiting casesare most clear.
(1) The melting temperature of the reactants is much
lower than the combustion temperature, and the solu-
bility in the liquid phase is unlimited. The rate of heat
release for such processes is determined by the usual
laws of kineticsof homogeneous|iquid-phase reactions.
(2) The reaction product and reactants (or at least one
of the reactants) do not melt. Chemical interaction is
carried out by diffusion of the reactants through the

layer of formed product, which separates the reactants
and inhibits further course of the reaction. There is no
complete mixing of the reactants, and the reaction is
essentially heterogeneous. Thetype of the kinetic func-
tionin such systemsisdetermined by the mechanism of
reagent transfer and the structure of the growing layer
of products[112]:

om=e"n", (10)

where mand p are retardation parameters.

The influence of the type of the kinetic function on
the characteristics of reaction initiation in gas-free com-
positionswasstudied in[113]. The author [114] reduces
therole of changesin theinteraction surface of the melt
with a solid particle during the accumulation of a solid
product to a change in the type of the kinetic function
and further analyzes again the former problem (4), (5),
(7), (8). Thermal explosioninasystemwith aparabolic
interaction law [115,116] also has peculiaritiesin com-
parison with classical representations. However, such
models have not been applied to the real conditions of
bulk synthesis of titanium carbide.

Models of the form [117-119] can aso be used to
describe the synthesis of Ti-C mixtureswith excesstita-
nium if the excess titanium is considered as an inert
diluent and the transformations of the form (3) leading
to the formation of non-stoichiometric carbide are not
taken into account.

Directly taking into account the slowest physical
stage-the diffusion of a reactant through a refractory
product layer-isassociated with the appearance of com-
bustion models with the isolation of the so-called reac-
tioncell [72,120-123]. Informulating the problems; itis
emphasized that, due to the low rates of mutual trans-
port of reactants and products, the mixing stage is de-
fining, which must be takeninto account inthe model in
some form. In [120], a repeating element in a layered
system with layers perpendicular to the surface is dis-
tinguished as a cell. It is assumed that a phase of vari-
able composition isformed at the contact of the layers.
Heat release in the reaction occurs when anew phaseis
formed. The authors find a parabolic law of new phase
layer growth for aparticular quasi-stationary regime. In
[121], it is assumed that a heterogeneous material can
be imagined as solid particles of one component uni-
formly distributed among the particles of the other com-
ponent. In the heating zone, the particles of one kind
melt first; the melt spreads evenly around the refractory
particles. The product of thereactionisliquid. To deter-
mine the concentrations of reactants and product, a dif-
fusion problemis solved in cellsin a spherical coordi-
nate system. Up to melting temperature both diffusion
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and reaction are neglected. Thetotal heat releaseinre-
actionsiswritten in the form

E ¢
- a n, .2
(I)—4nNQiMivikoeXp(— jJ‘Ylnle rodr, (11)

where N is the number of cells per unit volume of the
mixture,

5]
= 31'[R0 ,

QM,v,- arethe heat release, molar mass and stoichio-
metric coefficient for each component Y,, Y,; it is as-
sumed that Q M,v, = Q,M,v,; n,,n, - are the orders of
the reactions for each component. Based on the analy-
sis of the model, the authors distinguish between ki-
netic and diffusion combustion modes.

In[123], the problemfor the reaction cell issolved at
each point of the macroscopic sample. In each element
of the heterogeneous structure of the spherical shape
of the SHS composition, the processes of diffusion and
reaction of reagents occur at the temperature corre-
sponding to the points of the macroscopic sample. There
is no spatial distribution of temperature along the ra-
diusinthereaction cell. In each cell adiffusion problem
is solved for two reactants Y, and Y, which are spent to
form one reaction product. The reactants are separated
at theinitial timeand then adiffusioninterface appears.
Themutual diffusion coefficient and reactionratein the
cell depend on temperature according to Arrhenius law.
Theaverage over thevolume of thecell therate of chemi-
cal reaction is defined as:

W(T(x1)) :éTYl\(zk0 exp(—ﬁjrz dr.

Heat release QW(x,t) depending on time and coordi-
nate x and time t is used in the heat conduction equa-
tion, which is essentialy little different from (11). The
authors solve the nonstationary problem by setting the
temperature at the boundary equal to the adiabatic com-
bustion temperature; both stationary and oscillatory
combustion modes are obtained. The models have not
been applied to the analysis of specific systems.

In[69,82], when describing combustion inthe Ta-C
and Ti-C systems, alarge metal particle of agiven radius
R, islocated in the center of the reaction cell, whichis
surrounded by particles of asecond smaller component
with an effective radius r . To take into account the
phenomenon of capillary spreadingin [82] the degree of
filling S of the pores with the melt after reaching the
melting temperature T_ by the fusible component is
analyzed. It isassumed that the pore size decreases due

to the growth of the solid product layer, and the reac-
tion cell size is determined by the number of fusible
particles in the volume unit (12), where R, serves in-
stead of R.. Then

S I

Reff - R)
where | is the path travelled by the metal through the
capillaries of the cell. Assuming that there isareaction
diffusion mechanismwith coefficient D(T), leadingto a
parabolic law of product layer growth, for the level of
filling S the authors obtain the equation

ds_ or, (1-2)"
"ox au(R,-R)'S

where p — is the viscosity; o — is the surface tension
coefficient, Z = d/r , — is the relative thickness of the
growing layer of the product,

L &2 (1)
* dx Z'r" '

The boundary conditions are formulated by the authors
at the melting point temperature x=0 and in the product
region, where thefinal level of porefilling and Z=1 are
given. The heat release function is given as

—,e <<
dx

dz
—,e>>1
dx

:gnNm(Rdf3—RO3)UbQ

where misthe porocity;

3
of,

(R, -R)D(T)

istheratio of the spreading time to the reaction time.

As a result, it is possible to distinguish a kinetic
regime, in which the combustion rate depends
exponentially on the combustion temperaturesand does
not depend on the particle size, and a capillary regime
with complete and incompl ete transformation of reagents
into reaction products.

The effect of reactions at the reagent interfaces was
studied in [124] using a model heterogeneous system
[120], consisting of ordered layers of initial reagents, at
the boundary between which a single chemical com-
pound isformed. The reaction cell included arepeating
element. Thereaction ratesat the mobileinterfaceswere
determined by Arrhenius law. The reactions led to an
additional inhibition of the reaction front, which is as-
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sumed to be an additional cause of incompletetransfor-
mation in SHS processes.

Thediffusion problemfor thereactioncell in[72] is
formulated on the basis of the state diagram of the Ti-C
system; the cell sizeisdetermined by the size of carbon
particlesand itscontent in theinitial mixture; theforma-
tion of titanium carbide and carbon solution in titanium
istaken into account. The authors believe that a spheri-
cal cell can be replaced by a flat one; two processes -
dissolution of carbon in titanium and growth of carbide
phase - occur simultaneoudly in the cell. The interac-
tion starts after titanium melting. The problem for the
reaction cell includes diffusion equations of the form:

2
U b % = Dk (T ) 2 !
OX or
k= 1in the layer of titanium carbide, r (X) < r <r1(X);
k=2inthesolution of carbonintitanium, r,(x) <r <R
In the automodel problem, the variable x playstherole
of both time and coordinate. Theinitial state of the cell
correspondstotheinitia size of carbon particles, which
are surrounded by titanium melt. The boundary condi-
tions have the form:

d
r=r(x): C=C; (1—c1)ub—r1 =D, (T)g
dx or

r=r,(x)-0: r=r,(x)-0: C=C,
r=r,(x)+0: C=C;

dr oC oC
(cz—cp)ubd—)i:—Dl(T)a—rzO+D2(T)—w;
r=R: §—0
o or o

Theheat releaseratein (4) isdetermined by thefluxes of
carbon deep into the carbide and into the liquid solu-
tion and has the form

®=-QpU %+(Q -Q)pU i?c(r)dr
=—Up b 4 x )P bdX,Z '+ (13)

where Q, and Q, — are the heat effects of carbide phases
formation and carbon dissolution in liquids.The phase
diagram lines corresponding to the existence of the car-
bide phase and solution are approximated by suitable
dependences. Based on the model, the authors carried
out adetailed study of the carbide formation modes and
the structure of the combustion wave. Thereaction zone,
as arule, turns out to be wide. It was found that stoi-
chiometric carbideisformed during theinteraction with
excess carbon, and the excess carbon acts as an inert
additive. The maximum combustion rate correspondsto

the stoi chiometric composition, thelack of carbon leads
to both a decrease in temperature and a decrease in the
combustion rate. The results obtained are in agreement
withtheexperiment. Similarly to[72], acombustion model
for the Ti-C system was constructed based on the state
diagram and data on the thermodynamic properties of
individual substances, phases, and solutionsin[125,126].
However, detailed consideration of the enthalpy bal-
ance as afunction of temperature has not led to qualita-
tively new effects and does not add information on the
reaction zone structure.

This approach has been used to model the combus-
tion and explosion processes of other systems, includ-
ing those with the formation of severa phases [127-
137]. Amore complex microstructural model of thereac-
tion cell isdiscussed in[138]. Structural variants of pos-
siblereaction cellsfor different systemsarereflected in
[56]. However, the vast mgjority of the variants are ac-
companied only by a general discussion.

Different variants of titanium carbide formation in
the combustion wave based on diffusion-kinetic mod-
elsarediscussedin[139-142]. In[141], for example, the
model of synthesis with isolation of a reaction cell of
spherical geometry is considered for two scenarios: (1)
growth of asolid carbidelayer onthe surface of solid (at
T<T _(Ti)) or liquid (at T>T _(Ti)) titanium, and (2)
growth of a solid titanium layer on a carbon particle if
titanium melts and diffusesinthe SHSwave dueto rapid
heating. The rate of product growth is controlled by
diffusion through the solid carbide layer. For both sce-
narios, the Stefan problem is formulated and solved.
Thetransition from one scenario to the other isactually
done manually based on the solution of the macrolevel
problem.

Peculiarities of structural transformationsin acom-
bustion wave[78,88,89] areal so reflected in works[143-
145] based on models of mechanics of heterogeneous
media and including continuity and energy equations
(in the form of thermal conductivity equations) for re-
fractory and fusible components. The chemical reaction
itself is described within the framework of the formal
kinetic law. Within the stochastic model [ 146], the prob-
ability of transformationisintroduced and perturbations
are continuously generated, which makesit possible to
trangition from onetransformation modeto another. This
alows transient processes to be studied. A review of
one- and two-dimensional discrete combustion models
canbefoundin[147]. Theauthorsof [148] dso claimto
describe the structural transformations in the combus-
tion wave of the Ti-C system. However, the article does
not contain the results of structural modeling.

None of the mentioned works can predict the spe-
cific phase composition of the products.
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Table 2. Formally-kinetic parameters, datafrom[154].

No. Reaction z,[mole/(cm’s)] E, [Joule/mole] at Reaction heat
melting temperature Q' [Joule/mol€]

1 Ti,C »>Ti+TiC 0.103x10'* 130400 63900

2 Ti,C,—>TiC+TiC 0.359x10% 104235 163280

3 Ti+C—>TiC 0.157x10* 66667 184100

4 2Ti+C->TiC 0.987x10" 172401 120600

5 TiIC+TiC—>TiC 0.120x10= 104235 -163280

6 Ti+TiC—>TiC 0421x10~ 132845 -63900

7 Ti+C+ TiL>TiC, 0.281x10~ 143766 20820

8 Ti+2C—>TiC, 0.732x10% 53859 236070

9 TiC,+Ti > 2TiC 0.204x10* 58624 132930

10 TiC->Ti+2C 0.230x10% 151852 -236070

n T CoTIC+C 0.268x10* 51717 -51570

2 TiC—2TiC+Ti 1.775x10% 209990 227580

4. DETAILED SCHEMES OF
CHEMICAL REACTIONS

In [149], a system of principally possible reactions in
the Ti-C system iswritten down. The set of reactionsis
not complete. Based on known approaches using ther-
modynamic data, the samework givesan estimate of the
formal-kinetic parameters. Whilethe thermal effects of
the reactions are quite expected, the activation energies
and pre-exponents can be considered only as a first
approximation corresponding to ideal conditions when
the accompanying physical processes (wetting, diffu-
sion, melting, and crystallization) have no effect on the
kinetics, which, of course, cannot be reslized. There-
fore, such data (presented in Table 2) require correction
based on comparison with experimental data. For exam-
ple, considering that the rate of reactionsinvolving sol-
ids can be controlled by diffusion, we must accept for
solid-phase stagesE’_=(E_+E_)/2, where E isthe diffu-
sion activation energy, or usethe approach of [112] and
introduce kinetic lawsreflecting the reaction mechanism
at themicrolevel.

The purpose of [150] wasto analyze the changesin
the Ti-C system and to develop an algorithm for the
numerical implementation of the kinetic modelsused for
different variants of the kinetic schemes and different
compositions of theinitial mixtures at a given tempera-
ture corresponding to the initiation conditions. For the
variants chosen in the paper, it was found that the most
stable compounds under equilibrium synthesis condi-
tions (at agiven constant temperature) are two carbides,
TiCand TiC,, which can beidentified as Ti C,. Thefinal
composition at long computation timesfor different given
temperatures is different. Restriction of the synthesis
time and synthesis under unsteady temperature condi-

tionscan lead to amore complex composition. The con-
ditions for obtaining a nonequilibrium composition
(when the temperature changes) require a separate
study.

Three groups of reversible reactions can be distin-
guished in Table 2, which in the full model for
nonequilibrium synthesis conditionswill play animpor-
tant role in the formation of the final product composi-
tion. These are

Ti,C — Ti + TiCand Ti + TiC - Ti C;
Ti,C, » TiC+Ti,Cand Ti +Ti,C > Ti,C,;
Ti +2C— TiC, and TiC, - Ti + 2C.

Asan example, let us consider amodel of fusionin
volume. We assume that the pressing is heated by ther-
mal irradiation, homogeneously on all sides of the sam-
ple; the sintered sampleis small compared to the thick-
ness of the thermal boundary layer that can be formed
during heating. Consequently, the heat balance equa-
tion is enough to describe the temperature dynamics:

vep L =W, +oeS(T, -T*),
dt

where V — is the specimen volume; S — is area of its
surface; o — is Stephan-Boltzmann constant; € — is the
blachnesslevel; T, —is the temperature of vacuum cham-
ber walls, changing with a which varies according to a
givenlaw.

Summary chemica heat release W, can be presented
intheform

W, =2 Qo,
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Fig .1. Temperature (a) and phase concentration evolution (b,c,d) during the sintering.

where Q - isthe heat of thi™ reaction, Jmol, ¢, - isthe
rate of i reactioni; n —is the number of reactions.

Therates of chemical reactions depend on tempera-
ture according to the Arrhenius law, and on the concen-
trations of components according to the law of acting
masses. To take into account the possible retardation of
reactions by a layer of refractory products, we intro-
duceretardation parameters, whichin general are differ-
ent for different reactions. Then, relations for reaction
rateswill take the form:

0, =2(T)[] v exp(-mY),

reagents

where v, - isthe stoichiometric coefficient of k-compo-
nentini-reaction; Y, and m- arerefrsactory product con-
centration and retardation parameter for reaction i;

RT

2 (1)-z,00( -2 |

Y= p/ps are mass concentrations of components, p, =
M, Z, - the pre-exponential factors;

P.=D.p,
(i)

n, - aemolar concentrations; M, - are molar masses of
components. The components are renumbered in the
following order

(1)-Ti,(2-C,(3)-TiC, (4 -Ti,C,(5-TiC2,(6)-Ti.C,.
The balance equations for the components are as fol-

lows
dy,
dt

where

p

k!

®, = Mkzvkiq')i’
i=1

r - isreaction number.

The plagticizer removal stage and melting are not
analyzed in the simplest model. The problemis solved
numerically. Varying the heating conditions, the initial
composition of the powder composition, theinitial tem-
perature, we obtain different product compositions.
Since themethod [149] gives estimates of pre-exponen-
tial factorsfor anideal mixture (actually for mixing the
reactants at the molecular or atomic level), a corrective
multiplier, identical for all reactions, wasintroduced into
the macromodel to account for non-ideality. Thisfactor
makesit possibleto adjust thetime of the sintering proc-
essinanumerical experiment with the dataobtainedina
|aboratory experiment. In this case the qualitative char-
acteristics of the process do not change. A change in
the numerical valuesof the z constants |leadsto achange
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in the proportions between the different phases both in
the sintering process and at the end of the observation.
However, in any case, the titanium present at the initial
moment of time and the titanium appearing in the inter-
mediate stages of the decomposition of nonequilibrium
phases pass into carbide phases.

Inthe calculation, whichisillustrated in Fig. 1, it was
assumed that the reaction mixture hasaninitial tempera-
ture of 400 K. Initial composition of the specimen,
mol/cm?: n, = 0.001; n,,=0.0001; n,=0.01; n,= 0.02;
Ng,=0.001; n,,=0.045.

Thedynamicsof thetemperature T, isshowninFig.
la. After the heating stage, the sintering stage begins at
agiven temperature. The main changesin the composi-
tion (decomposition of Ti,C with release of titanium) are
observed even during the heating stage. During the iso-
thermal stage aslow accumulation of TiC, and TiC car-
bides occurs. At a given set of parameters, the concen-
tration of Ti,C, practically doesnot change; reactions 1,
3, 6, 8, 9 make the main contribution to the dynamics of
the process. The role of the inverse reaction (1) can be
clearly seen in Figs. 1b, 1c, and 1d. of the reactive
sintering product, which correspond to different values
of z. Thelarger z,, thefaster Ti,C disappears, the earlier
the concentration of freetitaniumincreasesand thelarger
share of the reaction productsis occupied by TiC.,.

Additional studiesare required to clarify thekinetic
parameters.

5. CONCLUSION

A sdlectivereview of the currently known scientific pub-
lications considering the kinetic regularities of synthe-
sis of titanium carbide and Tiny—Ti composites on the
basis of experimental data, theoretical approaches, and
proposed models allows us to draw the following con-
clusions:

(1) The approach to modeling the synthesis of com-
posites by combustion with separation of reaction cells
can be considered as a simplified understanding of
multilevel modeling. However, this approach should be
modified by applying arigorous mathematical justifica-
tion for the transitions between the levels of descrip-
tion. Intervening in the process by replacing some cells
with otherswhen given conditions are met is, generally
speaking, not justified in most cases because it pre-
determines the path of the process.

(2) Thephasefield method could find itsapplicationin
model building on micro level. But for real systemsthis
approach is not yet applicable due to the lack of the
necessary thermodynamic data.

(3) An approach based on the mechanics of heteroge-
neous media would be promising. However, the model
[151] has not been continued, and publications [152-

154] and others do not pay attention to the kinetics of
chemical reactions. So, research inthisareaisfar from
being completed.

Thus, in spite of numerous publications covering
the problems of synthesis by combustion of compos-
ites of system Ti - C, anumber of questions remain un-
answered, associated with an adequate interpretation
of thewhole complex of physica and chemical phenom-
ena occurring during the realization of this process.
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