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Abstract—The chemical processes occurring during the interaction of carbon (diamond) with silicon are
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ture consisting of triple periodic surfaces of the minimal energy.
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INTRODUCTION

The decisive role in the formation of the properties
of substances is played by their chemical nature. How-
ever, using composite combinations of various sub-
stances, it is possible, in some cases, to obtain the opti-
mal properties of the corresponding materials. Mate-
rials based on diamond and heterogeneous silicon
carbide are of great practical interest among compos-
ites [1, 2].

In order to obtain composites, diamond—silicon
carbide uses hot isostatic pressing, spark plasma sin-
tering, and high-pressure sintering. The most effective
and practical method is reaction sintering (impregna-
tion of porous billets with Si melt), which leads to the
formation of a dense structure consisting of diamond
particles and silicon carbide [3—8].

However, despite the significant interest in dia-
mond—silicon carbide composites and the detailed
research on their structure, phase composition, and
mechanical properties, the physicochemical features
of the interaction of diamond with silicon and the for-
mation of a heterodispersed microstructure are still
poorly understood.

To create and study materials for the diamond—sil-
icon carbide system, it is necessary to characterize the
following basic points:

(1) The microstructure should be a triple periodic
structure with the minimal energy, which ensures the
possibility of dissipation of the high energies of dam-
age;
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(2) H. Shoji et al. [9] showed that as a result of the
Turing reaction, a three-dimensional periodicity of
the structure can be realized in the material.

(3) The system in which the conditions of the Tur-
ing reaction can be created—heterogenetic (the mate-
rials are similar in crystal structure but different in
properties), for example, diamond and silicon carbide
are a heterogenetic pair; i.e., moissanite and diamond
coexist in natural formations;

(4) Investigate the possibility of creating conditions
for the passage of the Turing reaction in such systems.

(5) Earlier, in purely inorganic systems, there were
no such observations.

Some Physicochemical Properties

It is necessary to study in detail the chemistry of the
carbon (diamond)—silicon reaction and the formation
of silicon carbide as a result of this reaction on the sur-
face of diamond particles, which takes into consider-
ation the crystalline state of SiC, depending on the
conditions of the interaction of carbon, graphite, and
diamond with silicon.

Silicon carbide has two modifications: hexagonal
(a-SiC) and cubic (B-SiC). B-SiC is formed by the
interaction of pyrocarbon or a graphite layer of dia-
mond with liquid or gaseous silicon in the course of
reactive sintering. The amount of Si in B-SiC can
range from 50.0 to 52.5 at %.

The covalent nature and high bond strength C—C
in diamond and Si—C in silicon carbide determine
their energetic and mechanical strength. In [10], pro-
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Table 1. Energy characteristics and properties of diamond, silicon carbide, and silicon

Substance hkl facets Q, kcal/mol g, erg/cm? o, erg/cm? H,GPa |AE,eV
Diamond 100 340 9304 9100 100.0 5.3
B-SiC 100 300 5450 5340 33.4 2.2
Si 100 204 2124 2085 11.0 1.1
Table 2. Parameters of the crystal lattice of diamond, graphite, carbon, silicon carbide, and silicon

; Waurtzite
Substance Sphalzrlte
a, a, A ¢, A c/a
Diamond 3.5669 — — -
Graphite* — 2.47 6.79 2.749
Carbon** - 2.52 4.12 1.633
B-SiC 4.3596 — — —
a-SiC (2H) — 3.076 5.048 1.635
Si 5.4306 — - -

* Mineral with a layered structure; ** Highly dispersed amorphous carbon.

ceeding from the atomization energy (£2) of crystals (a
function that characterizes the energy strength of a
crystal with a covalent lattice), the values of the spe-
cific total (¢) and specific free (c) surface energies
were calculated, with which the hardness values (H)
and the band gap (AE) crystals with a covalent bond
are closely correlated (Table 1). Table 2 shows the
parameters of the crystal lattice of diamond, graphite,
carbon, silicon carbide, and silicon.

Small energy differences between the polytypes
allowed the authors of [11] to estimate the probability
of the existence of a polytype based on the thermody-
namic dependences. The change in the thermody-
namic potential during phase transformation is
described by the equation:

AZ = AH —TAS + PAV. Q8

Since polytypic transitions are not accompanied by
noticeable volumetric changes, the term PAV is close
to zero. The quantity AH is also close to zero, since all
SiC polytypes have the same potential energy due to
the same environment in the first and second coordi-
nation spheres. Thus, the change in free energy (AF)
for a polytype transition is determined by the differ-
ence in the entropy of the initial and final states.
Therefore, with a polytypic transition

AZ =~ AF =~ —-TAS. )

Hence it follows that the polytype with a higher
level of entropy will be more thermodynamically sus-
tainable.

For the formation of silicon carbide at a tempera-
ture of 1800 K, the change in the entropy of synthesis
a-SiC (2H) is AS = 76.79 J/(mol K); and that of
B-SiC, AS = 76.84 J/(mol K); therefore, during reac-

GLASS PHYSICS AND CHEMISTRY  Vol. 47

tive sintering at a temperature of ~1500°C, the forma-
tion of cubic silicon carbide is thermodynamically
more probable. At a temperature of 1800°C, the
change in the entropy of the o-SiC formation is greater
than AS of the B-SiC formation, which determines the
phase p — a-SiC transition at this temperature.

In the initial period of interaction of diamond par-
ticles with silicon, due to the excess of the carbon-con-
taining component (pyrocarbon and graphite on dia-
mond particles), B-SiC of a nonstoichiometric com-
position (with increased carbon content) is
synthesized, which is confirmed by the increase of the
lattice parameter to 4.360—4.361 zg [12].

The solubility of carbon in molten silicon largely
determines the structure formation of silicon carbide.

The solubility of carbon in solid silicon is very low
and even at a temperature of 1410°C does not exceed
0.005 at %. It was shown in [2] that silicon-carbon
alloys (up to 0.7% C) are single-phase. Moreover, the
lattice parameter in the silicon-based solid solution
saturated with carbon noticeably decreases (a = 5.4174 A)
compared to pure silicon (a = 5.4306 A) [2]. The
increase in the carbon content in the solid solution is
also correlated with the microhardness values.

The concentration of carbon in solid silicon (P)
was calculated based on determining the parameters of
the crystal lattice of a solid solution of carbon in sili-
con, based on the fact that carbon (diamond) and sil-
icon are isomorphic (lattice of the sphalerite type),
have a covalent type of chemical bond, and their
parameters are linearly related to the carbon concen-
tration. Based on this dependence, the solubility of
carbon in silicon can be determined by the formula

PC = (Aap/(2GSi - aSic)) X 100%, (3)
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Table 3. Influence of the type of carbonaceous material and saturation temperature on the solubility of carbon in silicon

Additive to silicon Saturation temperature, °C Saturation time, h Aay, A Pc,at %
Carbon 1700 1 —0.0058 0.27
Graphite —0.0011 0.05
Carbon 2000 0 —0.0065 0.25
Graphite —0.0066 0.20
Carbon 2200 1 —0.0096 0.45
Graphite —0.0093 0.43
where Aa, is the absolute value of the change in the involving carbon monoxide and carbon dioxide mole-

lattice parameter of silicon, due to the dissolution of
carbon in it; ag; is the silicon lattice parameter; and
ag;c is the lattice parameter B-SiC.

In silicon samples saturated with carbon at a tem-
perature of 1250—1350°C, the decrease in the lattice
parameter was Aa, = —0.0020 A and P.=0.094 at %.
The solid solution of carbon in silicon in this case is
significantly supersaturated, Aa, = 0.0004 £ 0.0001 A,
which corresponds to the carbon concentration P. =
0.019 at %.

As a result of isothermal holding at 1350°C for
18 hours, Aa, becomes equal to —0.0003 A and does
not change with a further increase in the annealing
time to 36 h.

Thus, concentration P- = 0.019 at % calculated
according to Aa, = —0.0004 A, should be considered
the limiting soluble concentration of carbon in silicon
at 1250—1350°C, which is maintained upon slow cool-
ing to room temperature.

It was also found that the solubility of carbon in liq-
uid silicon depends not only on the temperature and
saturation time but also on the activity of the initial
carbon related to the degree of its crystallinity. When
micron or submicron, well-crystallized natural graph-
ite (the degree of graphitization is 0.9) dissolves in
molten silicon after holding at 1700°C for 1 h and
cooling to room temperature, P- = 0.052 at %; and
when carbon dissolves (the degree of gravity is 0)
under the same conditions, P- = 0.27 at %.

With an increase in the temperature and time of the
interaction of carbon and liquid silicon, the difference
in the solubilities of carbon and graphite decreases
(Table 3).

Graphitization of Diamond Particles

The transformation of diamond into graphite in air
begins at a temperature of 800°C [13, 14]. At tempera-
tures below 800°C, the combustion rate exceeds the
rate of graphitization. As a result, no graphite layer is
formed on the diamond surface. At temperatures
above 800°C, the graphitization rate exceeds the com-
bustion rate, and in this case, a thin graphite layer is
formed as a result of a surface chemical reaction
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cules [15]. The thickness of the graphite layer increases
with the increasing temperature and pressure of the
residual gases [16, 17].

The transition of diamond to graphite in vacuum
occurs at a much higher temperature and is explained
by the interaction of the surface diamond atoms with
oxygen molecules in a vacuum furnace [18]. The ther-
modynamic analysis shows that the direct transition of
diamond to graphite should occur at temperatures
above 4000°C [19]. Vacuum graphitization of a perfect
diamond crystal is never observed. Graphitization is
typical for diamonds which contain microscopic
inclusions, especially if they are metallic or graphite.

The authors of [20] consider the complete transi-
tion of diamond to graphite rather unlikely. They
emphasize the important role of surface chemical
reactions and propose a two-stage mechanism, when
carbon atoms are first detached from their sites on the
diamond surface, forming disordered aggregates, which
are then transformed into graphite microcrystals.

In [21], the formation of trigonal pyramids on nat-
ural {111} diamond faces upon annealing at a tempera-
ture of 1800°C is described. It turned out to be poly-
crystalline graphite with microcrystals of 10 to 15 nm,
predominantly oriented along the {111} diamond face.
In [22], the graphitization rate of various diamond
faces was investigated; it was found that the {110} face
is graphitized faster than the {111} face, although on
the surface of the {100} plane there was almost no
graphitization. At temperatures above 1600°C, the
nature of graphitization changes: it becomes inhomo-
geneous and anisotropic and penetrates into the crys-
tal. Areas of intense graphitization (graphitization fig-
ures) of symmetric shape of up to 100 wm are formed.

In diamond, there are some weak crystallographic
planes or directions that are predominantly involved in
the graphitization process. On the polished surface of
a diamond, the graphitization figures have their shape
determined by the symmetry of the diamond lattice.
The size and number of such figures increases with the
duration and temperature of the sintering of the mate-
rial. As the process develops, the surface of the dia-
mond is completely covered with a black, uneven layer
of graphite.
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The investigation of inhomogeneous and anisotro-
pic diamond graphitization in the temperature range
1600—1750°C revealed a different thermal stability of
crystal faces; the weakest faces turned out to be in the
sequence {211}, {110}, {111}, {100}, {211} [23]. The sur-
face density of atoms on the crystallographic face of
diamond {211} is very close to that of atoms on the face
of graphite {0001}. In contrast, the {100} faces turned
out to be extremely stable against graphitization at
material sintering temperatures above 1700°C, and at
this temperature all other faces were covered with a
continuous layer of graphite.

Graphitization patterns are formed mainly on the
roughness of the diamond surface. On polished speci-
mens, they can form on scratches after machining.

The images of graphitization figures recorded at
successive sintering stages indicate that they grow from
one point. The size of the graphitization figures in the
sample plane is 10 times their thickness; i.e., graphiti-
zation develops mainly along the surface. For the tem-
perature range 1200—1600°C, the thickness of the
graphite layer is determined by the pressure of the
residual gases in the vacuum furnace: the better the
vacuum the thinner the graphite layer on the diamond
surface. And the thinner the layer the higher the tem-
perature at which graphitization figures begin to form.

The factor limiting the propagation of graphitiza-
tion into the interior of the crystal is pressure, even
when graphitization proceeds along planes near the
surface of the diamond. Since the density of diamond
atoms differs from the density of the resulting graphite
layer, the transformation is accompanied by mechani-
cal compression or tension deformations along the
plane, which stabilizes the diamond phase. Since the
specific volume of graphite is 1.55 times that of dia-
mond, the graphite layers that form below the surface
during the diamond-graphite transformation are
under pressure from the surface layer of the diamond
that they cover. The greater the angles at which the
diamond planes {211}, turning into graphite, go deep
into the crystal, the more pressure they experience
from the side of the covering diamond; this pressure
prevents graphitization.

A theoretical model of graphitization was proposed
in [24], where the results of the primary principles of
molecular dynamics modeling of a surface-induced
diamond-graphite transition, which provides a micro-
scopic model for the early stages of the graphitization
process, are considered. Penetration of the graphite
phase into diamond and vertical graphitization leads
to the formation of a coherent diamond—graphite
interface.

It can be assumed that the inhomogeneous and
anisotropic graphitization of the diamond surface pro-
ceeds in several stages:

(1) Formation of a graphitized layer on the dia-
mond surface during heat treatment at temperatures
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above 800°C due to the interaction of diamond atoms
with oxygen molecules and impurities;

(2) Formation of 5—10 nm graphite nuclei on the
diamond surface;

(3) Migration of graphite nuclei on the diamond
surface and the formation of groups of nuclei with
increased density, 10—100 nm in size.

(4) Development of graphitization figures from
aggregated cores along the {211} diamond planes,
since they have the same surface density as the {0001}
graphite planes.

Reactive Sintering Process for Materials
Based on Diamond Particles

The reactive sintering process barely affects any of
the volume of the diamond particle. The formation of
contacts, filling of pores, and the formation of a con-
tinuous polycrystalline framework (skeleton) is deter-
mined, in this case, by chemical reactions on the dia-
mond surface and is accompanied by the formation of
SiC. The synthesis of silicon carbide from elementary
silicon and carbon is possible at temperatures signifi-
cantly lower than the temperature of obtaining liquid-
phase sintered and hot-pressed materials. The method
of transporting the reacting components during the
formation of SiC determines the conditions of the sin-
tering process and the final structure of the material of
the diamond-silicon carbide system.

The interaction of solid carbon with silicon melt,
the diffusive transfer of dissolved carbon through lig-
uid silicon, the interaction of carbon with gaseous sil-
icon, and the crystallization of SiC from the melt are
the main mechanisms that affect the formation of the
structure and properties of the material [2].

Let us consider these processes in more detail. The
initial porous workpiece is a mixture of diamond par-
ticles (D) and pyrocarbon (C) from the pyrolysis of
phenol-formaldehyde resin. Such a porous three-
phase body (D + C + pores) is impregnated with a sil-
icon melt. Let us imagine the workpiece channels in
the form of a cylindrical capillary. Without taking into
account the chemical interaction between the melt
and the solid phase, the time law of the movement of
the meniscus of a liquid in a capillary in a viscous flow
has the form [2]:

Oliai cosf Oliai cosf
12 — lig,interface RT — lig,interface RT
2 2pv (4)
1/2
orl= k‘c/ ,

Olig,i cosf O o cosO
where k = lig,interface R = lig,interface R, (5)
2n 2pv

where 1 is dynamic viscosity; v is kinematic viscosity;
Ojiq.interface 1S the surface tension of the liquid; p is the
density of the liquid; 0 is the wetting angle; R is the
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Table 4. Characteristics of the solubility of carbon and the wettability of diamond particles by silicon

Characteristics Properties

Temperature, °C 1420 1500 1600
Wetting angle 0 of SiC, deg:

pure Si 37 32 27

Si saturated with carbon 37 34 31
Wetting angle 6 of diamond, deg:

pure Si 25 22 17

Si saturated with carbon 25 23 20
Solubility of carbon in Si, at % 5.5 % 1073 1.3 x 1072 4.0 x 1072
Silicon density p, g/cm? 2.52 2.49 2.45
Kinetic viscosity v, cm?/s 0.00348 0.00265 0.00233

capillary radius; T is the impregnation time; and /is the
impregnation depth.

Equation (4) is valid for describing the kinetics of
impregnation of porous materials with melts that do
not interact with the solid phase. Table 4 presents data
characterizing the effect of the carbon concentration
in a silicon melt on the wettability of silicon carbide
and diamond.

The impregnation depth / of a porous body made of
diamond and silicon carbide particles can be calcu-
lated. The surface tension of silicon in the temperature
range 1420—1600°C barely changes and is equal to
860 dyn/cm [2]. The dependence of the impregnation
depth / of porous blanks based on silicon carbide and
diamond particles versus time T is shown in Fig. 1 in
the temperature range 1420—1600°C, subject to the
pore radius R = 10 um.

30 -
—o- 1420—Diamond
=4 1500—Diamond
-8 1600—Diamond
=0- 1420—SiC
=& 1500—SiC
-8~ 1600—SiC

N
(9}
T

[\)
(e}
T

()
T

(9]

Silicon impregnation depth /, cm
3
T

It can be seen from the analysis of the graphs that at
a temperature of 1420°C, good impregnation of the
porous workpieces based on silicon carbide and dia-
mond particles is noticeable. Workpieces made of dia-
mond particles are impregnated with liquid silicon
better because the wetting angle 0 of diamond particles
with silicon is lower than when wetting SiC; this is
probably due to the partial graphitization of diamond
(the wetting angle of graphite with silicon is 0°).

With increasing temperature, the region between
the lines of impregnation of silicon carbide and dia-
mond narrows, since the wetting angle of silicon car-
bide and diamond with silicon decreases. The rate of
impregnation also depends on the effective pore radius
(in our calculation R = 10 um). Upon the contact of
porous blanks with liquid silicon, immediately after its
melting, the impregnation proceeds relatively quickly

)1600°C
4 )1500°C

)1420°C

0 2 4

6 8 10

Impregnation time t, s

Fig. 1. Dependence of the depth of impregnation of porous workpieces based on silicon carbide and diamond particles on the

time of impregnation.
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to a sufficiently large depth. Therefore, even for large
items of 25 to 30 cm, the impregnation time is about 10 s.

The system we are considering includes chemical
interactions between the carbon and silicon melt.
Therefore, in order to analyze the phenomena occur-
ring during the impregnation of a two-component
porous workpiece, the following two particular systems
should be considered separately: C—Si;,, and D—Siy;,.

The impregnation of porous carbon (graphite) with
chemically active melts is considered in [25, 26]. In
[27, 28], the kinetics of impregnation of porous graph-
ites with liquid silicon was experimentally studied. It
was found that at the initial stage of the process (0—50s),
the impregnation depth / obeys the equation / = k't'/?,
which is typical for a viscous fluid flow.

It was shown in [25] that in cases where complete
wetting is observed and the driving force of the
impregnation process remains practically constant
with the change in temperature, the activation energy
of impregnation becomes comparable to the activation
energy of the viscous flow of the impregnating liquid.

The viscous nature of the flow of a silicon melt
during impregnation of graphite is also confirmed by
the value of the activation energy, determined in the
temperature range 1410—1550°C. The activation
energy of impregnation of graphite with silicon fluctu-
ates at the initial stage of the process in the range 11.5—
14.2 kcal/mol for different grades of graphite, which is
in good agreement with the activation energy of the
viscous flow of silicon, which is 10.3—10.6 kcal/mol
for these temperatures [27, 28].

With increasing time (50—180 s), the depth of
impregnation becomes proportional to T'/4, which is
related to the surface diffusion of silicon. In this case,

the activation energy of the process increases to 45—
53 kcal/mol.

The results obtained indicate that at the initial
stage, the process of impregnation of carbon (graph-
ite) with silicon is determined by a viscous flow and is
not complicated by the formation of silicon carbide,
which begins to crystallize at the interface after satura-
tion of the melt with carbon.

Thus, the following elementary processes are
assumed during the reactive sintering of materials
based on diamond particles: wetting and impregnation
of a solid porous body with molten silicon; and disso-
lution of pyrocarbon and graphite on the surface of
diamond particles in a silicon melt. Silicon carbide is
synthesized as a result of the heterogeneous interac-
tion (Siy, + G, = SiC,,) and the transfer of carbon
through the silicon melt with the subsequent crystalli-
zation of SiC on the surface of diamond particles as a
result of the reactive-diffusive interaction, i.e., Tur-
ing’s reaction.
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Sintering of Diamond and Solid Carbon Particles
in the Presence of Molten Si

In order to consider the mechanism of the reactive
sintering of materials based on diamond particles, we
present a model consisting of an ensemble of spherical
particles. For example, four diamond particles, the
carbon particles between them, and a space filled with
molten silicon (Fig. 2a). This model is implemented at
the initial stage of the process as a result of the impreg-
nation of porous workpieces consisting of particles of
diamond, carbon, and molten Si (Fig. 2a).

The next stage is the dissolution of carbon (pyro-
carbon) and graphite on the surface of the diamond,
saturation of the silicon melt with them, and crystalli-
zation in the form of silicon carbide in the most favor-
able places in thermodynamic terms, i.e., on the sur-
faces of diamond particles (Fig. 2b). Moreover, this
process does not lead to a change in the center dis-
tances of the contacting spheres of diamond particles.
The dissolving carbon atoms diffuse at the melt—car-
bon and melt—diamond boundaries and directly crys-
tallize from the melt in the form of silicon carbide
grains. Therefore, it can be expected that the concen-
tration of carbon in silicon will not reach the equilib-
rium value until the moment of the complete dissolu-
tion of the carbon (graphite) particles.

The formation of silicon carbide on diamond par-
ticles and on SiC particles during the reactive sintering
of silicon carbide occurs in accordance with the reac-
tion-diffusion Turing mechanism layer-by-layer
(Fig. 2), thus forming triple periodic surfaces (Turing
fences) in the volume of the diamond frame.

Thus, as long as a liquid silicon phase exists in the
material in contact with solid carbon, an intense trans-
fer of carbon through the melt and deposition of SiC
in the form of grains on the surface of the diamond
particles will occur (Fig. 2¢).

The self-diffusion coefficient of silicon and the dif-
fusion coefficient of carbon in liquid silicon are as fol-
lows:

Do = Dy, = 0.755x107ex (—M). 6
C S p RT (6)

Calculations using this formula give the following
values for the diffusion coefficient:

Temperature, °C  Diffusion coefficient D x 10°, cm?/s

1420 5.19
1500 5.55
1600 6.38
2000 9.87

The diffusion coefficient of carbon through liquid
silicon is 6—7 orders of magnitude higher than the dif-
fusion coefficient of carbon through the silicon car-
bide layer and 9—10 orders of magnitude higher than
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the diffusion coefficient of carbon through the dia-
mond layer.

Based on these diffusion coefficients, in our study,
we calculated the time of the complete transformation
of silicon upon interaction with carbon (graphite) into
silicon carbide during reactive sintering, which at
1700°C is 2.58 x 10*s (~7 h); and at 2100°C, ~18 min.

Reaction- Diffusion Turing Mechanism

The Si—C phase diagram (Fig. 3) shows that in a
region rich in carbon (more than 50 at % C) there are
only two phases SiC and C, and Si completely trans-
forms into silicon carbide [29]. At the initial stage of
impregnation, liquid Si penetrates into the pore chan-
nels of the workpiece and interacts with carbon, the
amount of which exceeds Si, to form silicon carbide.
The further reaction of interaction of silicon with car-
bon is carried out by the diffusion of Si through the
SiC layer. Therefore, the reaction process involves the
diffusion of silicon atoms through the silicon carbide
layer and the reaction between Si and carbon. The
kinetics of the reaction is very slow because of the low
diffusion coefficients of C and Si in SiC [30], which
leads to the formation of SiC layers on the surface of
the diamond particles.

The process of SiC formation can be explained
from the point of view of the analysis of the reaction-
diffusion mechanism by A. Turing [31]. The source of
carbon in materials based only on diamond particles is
graphite, which at high temperatures can partially
graphitize on the surface (the diamond-graphite phase
transition occurs). The analysis of the kinetics of the
growth of the SiC layer as a result of the reactive-dif-
fusive interaction between diamond and silicon [32],
confirmed experimentally, showed the formation of an
SiC layer on the surface of diamond particles.

Accordingly, proceeding from the Turing reaction-
diffusion mechanism, nanosized grains of SiC are
formed on the surface of diamond particles with the
diffusion of gaseous Si into a porous workpiece, and
when impregnated with a liquid silicon melt of pyro-
carbon and graphite particles on the diamond surface,
micron grains of SiC are formed, forming in both cases
a Turing fence (Fig. 4).

The pressure of saturated gaseous Si is 1 Pa at a
temperature of 1500°C [33]; therefore, Si penetrates
into the porous workpiece at a high speed and, on
coming into contact with carbon, forms silicon car-
bide. As shown earlier, saturation with liquid silicon
occurs due to the capillary impregnation of the porous
workpiece.

The reaction-diffusion interaction of Si with car-
bon is accompanied by an exothermic effect (an
increase in the temperature of the system to 2400°C),
with the enthalpy H, = —117.77 kJ/mol, which elimi-
nates temperature gradients in the workpieces [34]. As
a result, the rate of dissolution of pyrocarbon and
graphite on diamond particles in liquid Si increases.
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Fig. 2. Model scheme for the distribution of phase compo-
nents at stage I (a), Stage II (b) and stage III (c) reaction
sintering. The diagram shows the following phases: Diamond
(D); graphite on the surface of diamond particles (Gr); pyro-
carbon (C); liquid silicon (Si“q); silicon carbide (SiC) and
SiC formed as a result of reaction-diffusion interaction on the
surface of diamond particles (Turing fence).

The viscosity of Si and the wetting angle of carbon
with it decrease, which leads to faster and easier
impregnation of the porous workpiece with liquid Si.
The diffusion rate of Si increases by several hundred
percent, and the pores of the diamond material blank
are filled with SiC, in accordance with the Turing
reaction-diffusion mechanism.

Thermal Analysis of the Diamond-Silicon System

For the experimental study of the processes of
interaction of diamond with silicon, a complex ther-
mal analysis was carried out. The TG and DSC studies
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Fig. 4. Formation of micron grains SiC (Turing’s fence) formed during the interaction of a graphite layer on the surface of a dia-

mond particle with liquid Si (a, b).

were carried out on an STA 429 CD complex thermal
analysis unit produced by NETZSCH (Germany).

Sample 1, consisting of diamond powder of a frac-
tion of 20/28 mm, in the form of a disk of @5 mm, h =
1 mm, and a porosity of 45 vol %, was placed in an
open alundum crucible. A particle of monocrystalline
silicon was placed on the upper surface of the disk
(Fig. 5a).

The sample was subjected to complex thermal
analysis when heated at a rate of 20°C/min in a
dynamic Ar atmosphere (Ar flow of 50 cm?/min) in
the temperature range 40—1500°C and cooling up to
1200°C. Ar was pumped in after evacuating the fur-
nace air to 1 x 10~* mbar. The decomposition prod-
ucts were analyzed using a QMS 403 C quadrupole
mass spectrometer (NETZSCH, Germany) con-
nected to an oven.

GLASS PHYSICS AND CHEMISTRY  Vol. 47

The aim of the research was to study the features of
the processes occurring during the heat treatment of
diamond—silicon composites and to experimentally
confirm the interaction of the components with the
formation of silicon carbide.

Figure 6 shows the TG and DSC curves of sample 1
heat treated in the temperature range 40—1500°C at a
speed of 20°C/min in a stream of Ar.

The TG curve shows that the mass of the sample
decreases throughout the heating period from 100 to
1500°C. The weight loss of the sample at a temperature
of 1500°C is 0.79% (Fig. 6), which indicates the
absence of interaction with the formation of gaseous
products. When the sample is cooled in the tempera-
ture range 1500—1200°C, there is practically no
change in mass.
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Fig. 5. Micrographs of sample 7 up to (a) and after (b) heat treatment. Magnification 24x.
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Fig. 6. TG and DSC curves obtained during heat treatment of sample / in the temperature range 20—1500°C.

The DSC curve when heated (Fig. 6) to atemperature
of 1390.8°C (the heat of fusion is —0.3469 mW/mg) is
smooth. At a temperature of 1390.8°C, the process of
silicon melting begins, accompanied by a large endo-
thermic effect (the specific heat of the chemical reac-
tion is 42.63 J/g). The maximum of the peak is
observed at a temperature of 1414.8°C (the heat of
fusion is 0.6937 mW/mg), which corresponds to the
complete melting of silicon and its penetration into the
porous diamond sample. The dissolution of graphite
(carbon) on the surface of the diamond particles and
the formation of silicon carbide begin at this tempera-
ture, accompanied by a large exothermic effect (the
specific heat of the chemical reaction is —106.9 J/g). The
DSC curve moves sharply downward to the minimum at
1424.1°C (the heat of crystallization is —2.196 mW/mg).
The exothermic effect ends at a temperature of 1444.7°C
(the heat of crystallization is —0.4988 mW/mg).

GLASS PHYSICS AND CHEMISTRY Vol. 47 No. 3

It should be noted that the time between the maxi-
mum melting point of silicon (1414.8°C) and the max-
imum crystallization temperature of silicon carbide
(1424.1°C) is about 28 s. This confirms the correctness
of the calculation of the impregnation time of the
porous diamond workpiece (Fig. 1).

Figure 7 shows the DSC curves of sample 1 (solid
line) and sample 2 (dashed line), annealed in the tem-
perature range 1300—1500°C at a speed of 20°C/min
in a stream of Ar (50 mL/min). Sample 2 consisted of
diamond powder of a 20/28 mm fraction, in the form
of disks of @5 mm and 2 = 1 mm, which was pre-
treated at a temperature of 1300°C in the Ar environ-
ment. After that, a single-crystal silicon particle was
placed on the upper surface of the disk, similarly to
sample 1 (Fig. 5a).

Since samples 1 and 2 practically did not differ in
the mass, nature, and fractional composition of dia-
mond, except for the preliminary heat treatment of
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Fig. 7. DSC curves obtained during heat treatment of sample 1 (solid line) and sample 2 (dashed line) in the temperature range

1300—1500°C.

sample 2 at 1300°C, and it is interesting to compare
their reactivity and behavior during the heat treat-
ment.

The DSC curve of sample 1 (Fig. 7) repeats the
results shown in Fig. 6. The formation of liquid silicon
and silicon carbide for sample 1 begins a little earlier
(1414.8 and 1424.1°C) than for sample 2 (1418.0 and
1433.7°C); and the difference in the temperatures of
the onset of the silicon carbide formation process was
9.6°C. The heat release for sample 1 stopped at
1444.7°C; and for sample 2, at a temperature of
1472.2°C. Thus, the preliminary heat treatment of
diamond powder (sample 2) leads to a slight retarda-
tion of the SiC formation process.

If we compare the specific heat values of the chem-
ical reactions of silicon melting and silicon carbide
crystallization—42.63 and —106.9 J/g for sample 1,
and 79.07 and —134.6 J/g for sample 2—in the latter,
during the crystallization of SiC, a large amount of
energy is released, which is related to the formation of
a larger amount of silicon carbide.

During the cooling of sample 1, an exothermic
effect was observed (the specific heat of the chemical
reaction was —4.76 J/g) of the crystallization of liquid
silicon, which did not react with graphite, starting at a
temperature of 1394.9°C (the heat of crystallization
was —0.4792 mW/mg). The temperature of the onset
of silicon crystallization (1394.9°C) practically coin-
cides with the beginning of its melting (1390.8°C).

When sample 2 was cooled, no exothermic peak
was observed, which also indicates the formation of a
larger layer of graphite on the diamond particles of
sample 2 (preheat treated at 1300°C), which is most
likely sufficient for the complete reaction between
graphite and silicon to form silicon carbide. Therefore,
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no exothermic effect is observed on the DSC curve of
sample 2 during cooling (Fig. 7).

Figure 5 shows micrographs of a sample (tablets
with silicon) before heat treatment at 1490°C (Fig. 5a)
and after heat treatment (Fig. 5b). After heat treat-
ment, a silicon crystal contour remains on the upper
surface of the sample. It is possible that a thin silicon
film remains in the place where the crystal is absorbed
into the porous workpiece.

Microstructure Analysis

Figure 8 shows the microstructure of a diamond-
silicon carbide composite. The dark phases corre-
spond to diamond particles; and the light gray phases,

Fig. 8. Microstructure of reactive-sintered diamond-sili-
con carbide material.

No.3 2021



PHYSICOCHEMICAL INTERACTION PROCESSES

to B-SiC. Diamond crystals with a regular shape are
uniformly distributed in the composite. There are
practically no pores in the material, which indicates a
strong interfacial bond between diamond and silicon
carbide.

CONCLUSIONS

Physicochemical interactions in the carbon (dia-
mond)—silicon system have been investigated. The
nature of the process of the reactive sintering of carbon
(diamond) with silicon is studied; models of sintering
particles of diamond, carbon, and diamond with car-
bon in the presence of molten silicon are considered;
and thermal analysis is conducted of the interaction of
diamond with silicon, which helped explain the inter-
action of diamond particles with silicon based on the
model of the reaction-diffusion Turing mechanism
and material production with a microstructure con-
sisting of triple periodic surfaces of the minimal
energy.
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