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INFLUENCE OF MECHANICAL AND THERMAL TREATMENTS
ON MICROSTRUCTURAL TRANSFORMATIONS IN CAST IRONS
AND PROPERTIES OF SYNTHESIZED DIAMOND CRYSTALS

Purpose. To analyze how the structural transformations in the cast iron metal matrix near graphite inclusions influence the
features of synthesis of metastable diamond crystal on diamond polycrystals (substrate) synthesized by shock-waves.

Methodology. In experiments, we used the laser-induced detonation of explosive charges to create a flat shock-wave front and
employed chemical, microstructural, spectral and X-ray phase analyzes. In particular, the features of chemical element distribu-
tion in cast iron phases, dislocation density in a solid solution, crystal lattice parameters, and others were studied.

Findings. It has been shown that solid-phase auto-epitaxy is a physically justified, experimentally proved and stably reproduc-
ible phenomenon. The accelerated transfer of carbon atoms to the surfaces of metastable diamond growing crystals in the kinetic
mode is facilitated by a number of factors that cannot be quantified by numerically evaluated parameters. These include, first of
all, the microstructure of the growing medium (cast iron matrix), carbon source, temperature and deformation fields that ensure
transformation of polymorphic graphite to diamond with emerging gradient stress fields at the stages of forging, exposure to shock
waves and thermal cycling. Defect redistribution in the crystal structure of the metal matrix and graphite inclusions plays a certain
role at the mesoscale. It has been found that saturation with microstructural defects brings higher physicochemical activity to the
system in the whole.

Originality. For the first time in world practice, diamond single crystals have been synthesized that contain the inclusions of
polycrystalline diamond particles of shock-wave origin inside the single crystal shell; this may indicate a general discreteness of
natural diamond formation.

Practical value. The growth of single metastable crystal on polycrystalline diamond of shock wave synthesis is the most favor-
able in case of using austenitic gray cast iron with foliate graphite inclusions. The experimentally proved diamond growth in a
solid medium under pressure and temperature within the range of graphite stability can be used to develop new low-energy tech-
nologies for the synthesis of metastable diamond single crystals.

Keywords: explosion, diamond, solid phase, auto-epitaxy, cast iron, physical fields

Introduction. One of the most pressing problems in the
field of diamond synthesis is the creation of low-energy-con-
suming methods for growing single crystals with specified
physical, technical, chemical, functional, and other character-
istics. In this context, studying the patterns of phase transitions
and structural transformations occurring in a solid growth me-
dium represented by cast irons as model alloys containing
various carbon sources is the problems of fundamental inte-
rest.

The synthetic diamond era began in 1953 when B. Platen
synthesized a diamond crystal in Sweden for the first time in
the world. The following year, the experiments on synthetic
diamond production were conducted in the United States. In
the early 1960s, the technologies of industrial diamond syn-
thesis were developed based on the advances in thermody-
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namics of mutual transition of graphite to diamond (O. I. Lei-
punsky, 1939) and the experiences of the reproducible method
for diamond synthesis in Sweden, the USA and the USSR.
The feature of the technology is the exposure of a mixture of
graphite and metal catalyst powders to high pressures and high
temperatures (HPHT). The specifics of this method are a
short synthesis time ranging from several seconds to several
hours needed for single crystal growth, while the pressure and
temperature in the high-pressure chamber remain constant
[1], whereby this synthesis is sometimes called the static me-
thod.

DeCarli F. S. and Jamieson J. L (1961) showed the funda-
mental possibility to synthesize diamond under microsecond
exposure of graphite to strong shock waves. Over the last 25
years of the twentieth century the studies were focusing on the
detonation synthesis of diamond as a superhard material [2];
recent studies explored the impact-wave synthesis by high-
energy lasers using dense modifications of boron nitride [3].
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Polycrystalline detonation diamonds were shaped by ultrafine
particles interlocked with each other [4, 5]. The diamonds
synthesized by using explosion energy depending on the prep-
aration method were called either detonation diamonds
emerging from atomic carbon in the detonation products of
explosives [6, 7] or explosion diamonds synthesized, for ex-
ample, in metal alloys containing graphite [4]. These dia-
monds with unique physical and chemical properties [5, 8]
were demanded primarily in high-tech applications of me-
chanical engineering, metal processing, tools and machines,
medical industry, etc.

In parallel with the HPHT technology development [9],
the studies covered two directions:

1) physicochemical synthesis of single diamond crystals
and diamond films by chemical vapor deposition (CVD meth-
od by Eversol W.G. 1962, Brinkman G.A. 1964, Derja-
guin B.V. 1968);

2) nanodiamond synthesis in detonation products of blast-
ing explosives (Volkov K.V., Danilenko V.V. and Elin V.I.
1962) reported in the studies of the All-Union Research Insti-
tute of Technical Physics, Snezhinsk, USSR [10, 11].

Today the HPHT and CVD methods are widely used in-
dustrial technologies for synthetic diamond production.

There was an extremely interesting challenge in the “dia-
mond problem” for several centuries that combined searching
for the methods for synthesizing diamond crystals of a given
mass and substantiation of the statement that the diamonds
appeared as an exceptionally high-pressure mineral. The stud-
ies on fundamentally possible physical conditions of nanodia-
monds formation in atomic carbon gas began 37 years ago [12,
13]. Since 1973 the research teams of Dnipropetrovsk Mining
Institute (now Dnipro University of Technology) and the In-
stitute of Superhard Materials of the National Academy of Sci-
ences of Ukraine did a series of studies on further development
of the diamond synthesis technology by explosion [2, 4, 5].

In this paper we present the results of some studies devel-
oping the idea of potential metastable diamond crystallization
performed under conditions of thermodynamic metastability
governed by the carbon diagram “pressure-temperature”. It
should be noted that the concept of high-pressure nature of
the diamond origin was one of the grounds for either aggres-
sive criticism or a neutral attitude towards the idea of meta-
stable diamond growth. The analysis of studies on the internal
structure of diamonds from the primary deposits of South Af-
rica and Yakutia, placer diamonds of the Urals, Central and
South Africa [14—16], the features of discrete diamond growth
[17], including those found in meteorites [ 18], the role of fluid
phases in diamond formation [19] and the specifics of organic-
element compounds involved in endogenous processes [20]
demonstrated the need for reviewing the concept of the dia-
mond origin. On that basis a scenario was firstly proposed in
[12, 13] to describe physical and chemical features of the stable
nanoscale growth of diamond particles in an atomic carbon
gas excited by UV light. The proposed model assumed that
diamonds appeared in carbon clouds of the interstellar medi-
um before the protosolar cloud began to form. The key as-
sumptions of this hypothesis were later repeatedly proved ex-
perimentally, for example, in [21—23].

In nature, carbon occurs in the form of carbon phases that
are polyenes and cumulene chains, nanotubes, fullerenes, gra-
phene, graphane, graphyne, minerals (diamond, graphite,
chaoite, lonsdaleite) as well in carbon-containing phases;
however, the gas consisting of only atomic carbon does not ex-
ist under terrestrial conditions. These carbon properties cause
certain problems for diamond synthesis in high-pressure
chambers within the range of diamond thermodynamic stabil-
ity with graphite as the source material for synthesis.

Any change in pressure or temperature in the growing pro-
cess is well known to result in a halt of the growth and appear-
ance of new crystallization centers — diamond nuclei — in
conformity with the changing degree of supersaturation or su-

percooling [24]. Such difficulties are common for diamond
synthesis in the range of thermodynamic stability [25]. In 1939
O.1. Leipunsky proposed a theoretic solution to the problem
of diamond synthesis from graphite by indicating threshold
temperatures and pressures that meet the range of diamond
thermodynamic stability above the line “graphite-diamond”
in the carbon equilibrium diagram. In this case, diamond syn-
thesis becomes, in principle, possible in presence of a metal as
a carbon solvent. Reaching the given supersaturation with
atomic carbon due to graphite dissolution in a molten metal is
necessary for crystallization of the diamond with specified
physical and mechanical properties.

Development of the technology for dynamic synthesis of
superhard materials [2, 26, 27], the analysis of studies on meta-
stable diamond growth (E.O.Mindeli, E.Sh.Chagelishvili,
N.S. Turmanidze et al., 1979—1983; V.S. Kravtsov, L. G. Gan-
kevich, 1986; A.R. Patel, K. A. Cherian, 1984) [28] and the ex-
perimental results obtained in our works [29, 30] originated the
studies on the possibility of growing single crystals on polycrys-
talline diamonds generated by explosion. These studies cov-
ered the influence of the initial solid medium on diamond out-
put [31], various thermal cycling conditions of cast iron after
shock wave (SW) treatment [32], plastic strains followed by SW
treatment [33], SW treatment followed by plastic strains |34,
35]. The physical properties of diamond crystals with the nu-
clei synthesized in a high-pressure chamber by the HPHT
method and then grown under atmospheric pressure with pass-
ing a weak electric current through a technological mixture of a
catalyst metal with graphite were studied in [36]. The methods
for synthesis of metastable diamond using carbon nanophases
as a source material were developed in [37].

The studies [31—35] gave some examples of the methods
used for synthesis of metastable single crystals on polycrystal-
line explosion diamonds. The characteristic features of these
methods are subsequent treatments; the primary treatment
includes exposure to shock waves and plastic deformation
whereas the secondary treatment does thermal cycling, plastic
deformation, and passing a weak electric current.

In spite of the abovementioned advances, a number of
phenomena remain practically undiscovered including the in-
fluence of mesoscale processes occurring in a carbon-contain-
ing medium under initial impacts and the influences of these
processes on localizing of relaxation microstructural transfor-
mations near graphite inclusions, as well as appearance and
growth of polycrystalline explosion diamonds.

This study aims to analyze the structural rearrangement
effects that occur at the mesoscale level in the metal matrix of
cast iron near graphite inclusions under the complex influence
of physical fields on the properties of metastable crystals grown
on diamond substrate by detonation synthesis.

Materials and methods. In the experiments, we used gray
cast iron with foliated and spherical graphite (Table 1). The
cast iron cylindrical samples of diameter 30 mm and height
9 mm were placed in a holder made of steel 40.

SW compression was generated using a metal plate accel-
erated by detonation products in the slit of width /4 as shown in
Fig. 1, b.

Table 1
Chemical composition of cast iron
Concentration of elements, %
Nr. Cast iron type
C [Mn|Si| S P Ni
1 | Ferrite + foliate 3751022 4 |0.04(0.04]0.23
graphite
2 | Austenite + foliate 4 [ 118 — ]0.03]0.05]12.2
graphite
3 | Austenite + spherical 4 | 1.18 [0.4]0.03|0.02]|12.7
graphite
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Fig. 1. Scheme of processing metal alloys by flat shock waves. Experimental setup for laser initiation of a photosensitive explosive (a)
and device for diamond synthesis in cast iron by flat shock waves (b). Notations: optical quantum generator (laser) (1), aperture
(2), glass plate (3), optical prism (4), scattering lens (5), the layer of a photosensitive explosive BC-2 (6), explosive charge of TNT/
RDX 40 alloy (7), calorimeter (8), metal plate-drummer (9), cast iron sample (10), steel clip (11). Arrows show laser emission

In practice, the slit width exceeded the plate thickness by
5—6 times. In this way, the maximum pressure in cast iron
samples was achieved due to maximization of the plate accel-
eration velocity v. Within the specified slit the plate relative
velocity v/vj, where v is the velocity of explosive charge deto-
nation, reached 0.45.

Explosive charges were made of TNT/RDX 40 alloy with
the detonation velocity of about 7800 m/s. A laser-induced flat
detonation wave in explosive charge 7was followed by explosion
of the initiating layer that contained BC-2 light-sensitive com-
posite 6 with a mass density of 300 mg/cm? and a coating thick-
ness about 2 mm (Fig. 1, b) [38—40]. A flat detonation front
formed by explosive charge 7 accelerated striking metal plate 9.
A neodymium solid-state optical quantum generator in glass /
operating in the quality factor generation mode was used as the
radiation source. The laser pulse duration was 30 ns, the pulse

energy 100 mJ, the radiation wavelength 1.06 um; the laser beam
was limited by aperture 2. A part of the radiation was deviated by
glass plate 3 to measure the laser pulse energy in calorimeter &.
Prism 4 ensured laser beam rotation in the direction to a sample,
and scattering lens 5 expanded the beam so that its diameter on
the surface of BC-2 composite 6 reached 45 mm. The samples
of cast iron /0 were cylinders of 5 mm high, 30 mm diameter
placed in steel holder /1. The calculated heating temperatures of
the iron matrix 7,, and graphite inclusions 7, in the range from
50 GPato 90 GPa were T,,=400 K and 7,=770 K at a pressure
of 50 GPa; T,,= 720 K and 7, = 1420 K at a pressure of 90 GPa.

Results. Cast iron microstructure features. Plastic displace-
ments and micro-rotations of the crystal lattice in the cast iron
matrix, i.e. plastic strains of the matrix occur under SW treat-
ment by sliding and vortex flow localized near graphite inclu-
sions (Figs. 2, a—d). Along with that, the dislocation density

g

1

Fig. 2. Structure of cast iron 1 (a—c, g), cast iron 2 (f, h—i) and cast iron 3 (d, e) after SW treatment (a—g, i) and forging (h, i). Mag-

nifications:
a—c —x300; d, e — x1000; f, g — x2500; h, i — 400
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increases from ~10"® cm™ in the initial as-cast condition to
(1.48—7.2) - 10"2 cm™ after SW treatment. The microdistortion
magnitude in the cast iron lattice significantly increased.

It should be noted that a non-conservative shifting of dis-
location thresholds developed during the high-speed disloca-
tion movement causes a large number of single defects. The
temperature field generated by the thermal energy of adiabatic
compression is unlikely to be homogeneous in cast iron sam-
ples because of the difference in the graphite and the metal
matrix wave impedance. As a result, graphite inclusions are
heated to the temperature higher than the matrix temperature,
which affects their behavior under pulsed loading. The traces
of plastic shifts were found in graphite (Fig. 2, e); a part of
graphite inclusions underwent brittle destruction after shock
compression (Figs. 2, f, g). Some of the samples were forged
before SW treatment; as a result, graphite inclusions and li-
quation zones in the matrix were oriented perpendicularly to
the impact direction (Figs. 2, A, i). Liquation phenomena were
apparent in all examined elements as a result of abnormal mass
transfer, which contributed to graphite transformation.

Localizing of plastic strains near graphite inclusions
caused stresses and local strengthening the cast iron matrix.
The microhardness in ferritic iron 1 was 1810 MPa far from
inclusions; it increased to 2050 MPa at a plane boundary with
a graphite inclusion and reached 2190 MPa at the inclusion
ends; in austenitic iron 2 these values increased to 2030 MPa,
2200 MPa, and 2310 MPa, respectively.

During the mechanical treatment by SW and forging, a
mesoscopic substructure is developing in the deformed cast
iron, which relates to the appearance of localized strain meso-
strips in various grains of the metal matrix along the maximum
tangential stress directions [41]. Loading any hetero-phase
material such as cast iron with graphite inclusions causes a
sharply inhomogeneous distribution of stresses and strains;
long-range momentum and asymmetric stresses arise due to
the interactions between the metal matrix and graphite inclu-
sions. This implies appearance of a tensor-spin field in vortex
motion related to the stress-momentum tensor. The share of
energy dissipation in vertex motion of a graphite inclusion
makes several per cent of the visco-plastic flow energy dissipa-
tion in the matrix near the inclusion [41]. The stresses in a cast
iron matrix relaxing with developing strains are transferred to
graphite inclusions; as a result, the areas with relaxed momen-
tum stresses or zones of vortex flow arise in the cast iron matrix
(Fig. 3, a).

High-speed plastic strains under pulsed loading is well
known to cause the appearance of clusters in metals, a cellular

or fragmented substructure that contains split dislocations and
grain boundaries, stacking faults, irregular and loop-shaped
sub-boundaries, zones of the pre-twin state, micro-twins and
others that lead to strong disorientation. These properties in-
dicate a significant rotational component of plastic strains.
The variety of relaxation processes occurring in the metal dur-
ing SW treatment is due to the crystal lattice type of a metal or
alloy and different energy of stacking fault that is low in FCC
metals; for this reason, twinning and stacking faults are devel-
oping easier than in BCC metals.

Obviously, the patterns of structural changes caused by
pulsed loading in the ferrite matrix of cast iron 1 and a BCC
lattice are similar as well as in the austenitic matrix of cast iron
2 and 3 and a FCC lattice. These patterns relate to emerging
complex structures, which evidence relaxation followed by lo-
cal plastic strains. A common feature of relaxation processes is
the occurrence of noticeable plastic shifts and rotations pecu-
liar to a highly deformed state, when collective forms of mo-
tion arise in strongly interacting dislocation ensembles. More-
over, in the areas covered by a fragmented or cellular structure,
large-scale heterogeneities of crystallographic orientation ap-
pear causing significant disorientations. Non-equilibrium
structures with a high-charge density of dislocations appear.

The differences in the nature of relaxation phenomena in
the cast iron matrix are mainly due to the crystal lattice type,
which predetermines different energy of stacking faults and
different behavior of twinning dislocations in BCC and FCC
materials. As a result, twinning and emerging stacking faults
considerably differ in the cast iron matrix 1 and cast iron 2 and
3; in particular, pre-twin state of the BCC material and ap-
pearance of a new g-martensite phase in the FCC material.
The difference is also apparent due to the behavior of disloca-
tions and grain boundaries, such as their anomalous splitting
in BCC materials and regular splitting in FCC materials.

Structural transformation in cast iron. SW treatment leads to
emerging complex microstructures due to high-speed defor-
mations and phase transformations. The metal grain structure
is rearranged not only due to the elongation of grains affected
by the “cold” explosion effect. The presence of vortex zones
indicates the development of rotational strains that affects a
significant number of cast iron matrix grains. More often, vor-
tex strain zones appeared near graphite inclusions with turbu-
lence zones; this contributed to vortex displacement or twist-
ing the location pattern of deformed grains.

In addition to plastic flow localization in the zones of con-
strained strains near graphite inclusions, sliding appears along
the graphite-matrix boundaries (Fig. 3, b) accompanied by

Fig. 3. Relaxation zones of stress strains near graphite inclusions. Magnification of x400 (a, c, d), x2500 (b), x800 (e, f)
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emerging periodic accommodation shifts near graphite. Such
behavior of “graphite — matrix” boundaries, in contrast to
high-temperature slipping refers to the cluster mechanism of
mass transport with a “checkerboard” distribution of tensile
and compressive stresses and strains. Mesostrips with local-
ized strains appear near graphite inclusions that spread into
grains along the directions of maximum tangential stresses
(Figs. 3, ¢, d), which facilitates forming a mesoscopic sub-
structure in the cast iron matrix. In addition, stress relaxation
near graphite particles may occur due to local martensitic
shifts (Fig. 2, h, Figs. 3, e, f), which, as known, is one of plas-
tic strains mechanisms. Obviously, this is e-martensite com-
monly growing in iron alloys under pulsed loading.

SW treatment intensifies boundary diffusion due to defec-
tive structure rearrangements within the “graphite — matrix”
boundaries. This accelerates diffusion significantly contribut-
ing to graphite conversion into a diamond under thermal cy-
cling. Complex rearrangements of boundary defects and im-
purities under loading may lead to evolving in time distribu-
tion of impurities both on the “graphite-matrix” boundary
and in the cast iron matrix near the graphite inclusions. The
appearing concentration gradient causes osmotic pressure re-
lated to the transition of various element atoms from the phase
boundary to the matrix or to graphite inclusions. Therefore,
graphite inclusions and phase boundaries “graphite — matrix”
play an important functional role in nucleation of strain de-
fects as a result of the cast iron treatment, thus influencing
nucleation and growth of diamond inclusions.

X-ray microanalysis showed that graphite inclusions in the
initial as-cast condition are chemically heterogeneous and
contain a certain amount of impurities including 3.4 % Si and
4.1 % Mn in castiron 1; 2.4 % Mn and 6.3 % Cr in cast iron 2;
7.6 % Si, 5 % Cr, and 6 % Mn in cast iron 3. SW treatment and
forging lead to element redistribution in the cast iron matrix
compared to the as-cast conditions, with growing crystals of
various minerals as non-metallic inclusions, for example, eu-
lite, moissanite, almandine, biotite, quartz, and so on. They
were found mainly on phase and grain boundaries, whilst
quartz particles — in micro- and macro-pores. New phases in
the form of nonmetallic inclusions appear in a relatively short
time of exposure to shock waves due to the excited state of at-
oms of various elements under high pressures and tempera-
tures. Presumably, a multicomponent system with favorable
proportions among chemical elements is developing in local
microregions due to liquation.

Diamonds in cast iron microstructure. Polycrystalline dia-
monds that consist of multiple nanoscale single crystals were
found in graphite inclusions after SW treatment of cast iron
(Figs. 4, a, b). The assessed features for phase transformations
of some graphite inclusions into diamonds are similar to those
assessed in one of the first relevant studies (Trueb L. F., 1968).

Graphite conversion into a diamond is assumed to occur
in a shear way due to short duration of SW treatment, which
eliminates or minimizes diffusion movement of carbon atoms
and impurities. Shear displacement is resulted by compressive
and shear lattice strains accompanied by atom movements
shorter than interatomic distances. Obviously, anomalous ac-
celeration of mass transfer (Strong Y.V., Cherenko R.M.,
1971) and long-range gradient stress fields contribute to graph-
ite conversion into a diamond.

Diamonds do not grow in all types of graphite inclusions.
In the case of foliated graphite, diamonds appear mainly in the
inclusions oriented perpendicularly to the direction of SW
front propagation. Therefore, to increase the diamond output
it is necessary to orient the graphite in a certain direction. In
the experiments, cast iron samples were forged in the way to
turn them perpendicular to the acting pressure before SW treat-
ment (Figs. 2, A, i). The share of rhombohedral graphite was
found to increase from 6—7.5 % in the initial state to 50—60 %
after plastic strains by forging depending on the cast iron type.
Hexagonal graphite is known to convert to rhombohedral

Fig. 4. Diamonds in the cast iron structure after SW treatment
(a, ¢) and forging with SW treatment (b, d). Magnification
of x200x 4 (a), x500 (b), shown in picture (c), x 125 x 4 (d)

graphite by the shear mechanism as a result shifting the atomic
layer in the lattice (Kurdyumov A.V., Piliankevich A.N.,
1979).

The particle size of polycrystalline diamond appeared as a
result of SW treatment ranged from 1 to 3 um in the main frac-
tion with the maximum yield of about 32 %, with a certain
number of particles reaching the size of 10 pm. The largest
particles of up to 200 um size were found in pre-forged cast
iron samples. Small mosaic blocks of ~140 A and high disloca-
tion density reaching ~10'2 cm™ are known to occur in dia-
mond inclusions. This coincides with the results of the present
study on evaluation of a dislocation density in cast iron sam-
ples after SW treatment. Diamond particles are polycrystalline
aggregates with highly-developed non-singular surface
(Figs. 4, ¢, d) that have a large number of areas potentially ca-
pable to grow rapidly.

The diamonds synthesized in cast iron by explosion are
polycrystalline particles that consist of single crystals of most-
ly nano-sized range [41]. Additional thermal cycling after SW
treatment of cast iron leads to appearance of single crystals
(Fig. 5). In general, the mechanism of single crystal growth on
polycrystalline diamond particles to a micro-size can be de-
scribed as follows.

Alternating heating and cooling of a ferrite or austenitic
matrix of cast iron cause intensive movement and defects re-
distribution in crystals, which accelerates diffusion of carbon
atoms and impurities and overgrowth of a single crystal film on
diamond seed particles. SW treatment activates the cast iron
matrix by introducing a large number of crystal structure de-
fects and contributes to increasing the carbon diffusion rate in
the matrix when passing the SW front up to 102—10~° cm?/s,
whereas subsequent forging and thermal cycling intensify dif-
fusion only to 10°—10~° cm?/s. These results were obtained by
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Fig. 5. Diamonds in the cast iron structure synthesized by SW
treatment and thermal cycling. Magnification of x 1000
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penetration depth evaluation for carbon from cast iron into a
steel holder taking into account treatment duration [29—35].
Metal-physical studies of the contact “cast iron — steel” have
revealed the largest diffusion changes when using austenitic
cast iron 2 with foliated graphite.

The diamond crystals may grow both in kinetic and diffu-
sion modes. In the studies [29—35] the correlations governing
the crystal growth rates for various modes were evaluated for
the given conditions of steady-state growth and when diffusion
fluxes to different growth centers do not cross each other.
A comparison of the diamond and graphite crystal growth
rates in the system “graphite — solid carbon solution in iron —
diamond” showed that the preferred diamond crystals growth
(a) with respect to graphite growth (f) during the decomposi-
tion of a supersaturated solid carbon solution in a metal is pos-
sible only in the kinetic mode under the condition

(@161 < (a,0,)B%, (1)
where a, and a, are average distances between carbon atoms in
the diamond and graphite lattices; o, and o, are the interfacial
surface energy at the diamond and graphite solid solution
boundary.

With a stress gradient, the concentration gradient of va-
cancies and, therefore, of “vacancy—carbon atom” complexes
appear in the cast iron metal matrix, which enables their mov-
ing from the compressed zones of the lattice to stretched ones
through grains or along grain boundaries. The velocity of such
flows is governed by the diffusion rate on the grain boundary
and the lattice. Under thermal cycling, stress is redistributed in
long-range gradient fields.

The growth rate of diamond crystals is lower than the
graphite growth rate in the diffusion mode because diamond
growth is controlled by the carbon diffusion rate in the cast iron
matrix so the chemical crystal properties of the competing
phases do not have a significant effect. Thermodynamic factors
prevail over kinetic ones; as a result, the appearance of a meta-
stable phase slows down. A kinetic mode of diamond growth is
possible only under high diffusion rate of carbon and vacan-
cies, which is achieved by preliminary SW treatment. It gener-
ates a high density of linear and point defects in the cast iron
matrix microstructure, thus contributing to the appearance of
long-range gradient stress fields near graphite inclusions.

Thermal cycling provides the conditions for the preferred
growth of metastable diamond with the dissolution of coarse
graphite inclusions, the appearance of randomly distributed
small graphite precipitations, as well as the dissolution of
graphite that blocks the surface and passivates the subsequent
diamond seed crystal growth. The passivating effect of graph-
ite on diamond growth lies in the fact that graphite, as a more
stable phase, cannot give carbon atoms to diamond directly
through the phase boundary.

Carbon redistribution between the cast iron phases in one
cycle (heating — suspending — cooling) can be described as
follows. When heating, a certain amount of graphite and dia-
mond dissolves and the solid solution is saturated with carbon.
When cooling, the cast iron matrix is supersaturated with car-
bon and, as a result of decomposition of the solid solution,
carbon atoms move into diamond and graphite as competing
phases. Both carbon phases can grow; there is only a difference
in the growth rate due to difference in the phase crystal chem-
ical nature and the solid solution state.

To a first approximation, the molecular Kinetic perception
of the process can be described as follows. The increased va-
cancy concentration in the solid solution caused by SW treat-
ment facilitates the accelerated evacuation of iron atoms and
impurities from the interphase front “solid solution — high-
carbon phase”. However, in the case of diamond, the so-called
normal growth occurs when each elementary act of iron atom
removal is followed by carbon atom addition. This is the well-
known catalytic effect of iron cubic packing on the growth of
the diamond phase with the same packing.

In the case of graphite with its hexagonal layered structure,
there is a tangential growth with the attachment of carbon at-
oms only if the vacancies are approaching the graphite lattice
prismatic faces. Therefore, the increasing concentration po-
tential of carbon influences predominantly the growth rate of
diamond inclusions due to kinetic mode domination. Carbon
solubility in the matrix of austenitic cast iron 2 and 3 decreases
monotonously because of the absence of eutectoid transfor-
mation; this leads to continuous diamond particle growth. In
contrast, carbon solubility in the matrix of cast iron 1 at the
time of eutectoid transformation drops abruptly; as a result,
the excess carbon is spent on nucleation of graphite as a stable
phase, and less amount of carbon moves to diamond particles.

Subsequent treatment of gray cast iron by forging and SW,
SW and thermal cycling allowed obtaining the diamond crystals
fundamentally differing by their properties from the crystals
grown during dynamic synthesis when using SW energy only
and from the crystals synthesized in high-pressure chambers.
Diamond particles are transparent, colorless, sometimes have
different shades — yellow, green, less often blue and pink — that
indicates the presence of impurities inherited from graphite
during polymorphic transformation or captured from a solid
solution during growth. The refraction index of the studied dia-
mond particles of 2.4171 is close to the optical refraction index
of natural diamonds. Growth forms of crystals vary in a wide
range (Figs. 6, a—h) and include octahedron, rhombic dodeca-
hedrons, and cubic octahedron. There are also drusen, aggre-
gates of two or more crystals, skeletal crystals emerged as a re-
sult of the high growth rate inherent in the kinetic mode. The
prominent vicinal surfaces often recognized on the faces evi-
dence a dislocation growth mechanism (Figs. 6, i—k). The dis-
tinctive properties of diamond crystals grown in cast iron by the
auto-epitaxial method are the appearance of rhombic dodeca-
hedrons as well as blue, yellow-green and orange luminescence
of crystals under UV light. The crystals grown in high-pressure
chambers do not have these properties.

The Lauegrams of studied diamond particles (Fig. 6, /) en-
abled revealing the presence of a clearly defined polycrystal-
line seed, called a genetic center, in single crystals. This is a
former explosion generated diamond particle having retained
its physical properties such as high concentration of defects
and polycrystalline structure due to interconnected nano-dia-
mond particles. Table 2 demonstrates some specific features of
synthesis of metastable single diamond crystals.

The physical specifics of single crystals grown on polycrys-
talline explosion diamonds are the presence of a genetic cen-
ter, which indicates the discrete growth: it was experimentally
proved internationally for the first time. The ability of growing
diamond crystals to keep the genetic center and resume the
once-started growth regardless of the pause duration is due to
a decrease in supersaturation of the iron microstructure with
carbon and the thermodynamic metastability conditions.

In this context, one can explain the genetic center pres-
ence in diamonds originated from primary deposits in Africa
and Yakutia, and placer diamonds in the Urals, which was not
unriddled for a long time. In the range of high pressures and
high temperatures where diamond is thermodynamically sta-
ble, the discrete growth is impossible since any changes in su-
persaturation or supercooling in this range interrupt single
crystal growth, with stimulating the appearance of new crys-
tallization centers.

The structural feature of grown diamond crystals is the
presence of two zones which are 1) a single crystal shell with a
dislocation density of (1.8—6.3) - 10'> m~? and 2) a polycrystal-
line center with a dislocation density of 10°—10'® m™2. The
Lauegrams revealed a continuous diffuse ring on the back-
ground of single distinct diffraction maxima. Asterism is a
consequence of the presence of a polycrystalline nucleus,
which enhances the internal deformation of a single crystal. In
this regard, we state that the crystals studied have a genetic
center with rudimentary features of a dynamically derived nu-
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Fig. 6. Diamond crystals grown on cast iron after SW treatment (a), SW treatment and thermal cycling (c, i, k, j), forging and SW
treatment (b, d, e, f, g, h); Lauegram of single diamond crystal (1). Magnification of x1200(a), x70(b), x400 (c), x250(d), x 1000
(e), x250 (f), x250 (g), ‘800 (i), x200 (j), x200 (h), x1000(k)

Table 2

Key physical features of diamond synthesized by the HTHP method and SW treatment (SWT) followed by the growth of single

diamond crystals

Stage 1. Nucleation Stage 2. Growth
Nr. Synthesis parameters
SWT HPHT SWT HPHT
1 | Pressure, Pa >2-10" (4-10) - 10° 10°—107 (4-10) - 10°
2 | Temperature, K <3500 <2000 <1000 <2000
3 | Nucleation conditions Spontaneous Spontaneous n/a n/a
Discrete, less commonly continuous
4 | Transition specifics from Stage 1 to Stage 2
Continuous only

5 | Single crystal size, m 10°—107% 10°—107% 10-°—10"* 107°—1072

. . . . Single crystals, Single crystals,
6 | Type of synthesized particles Polycrystalline Single crystals crystal-jams crystal-jams
7 | Presence of a genetic center in single crystals No No Yes No
8 | Luminescence under UV light No No Yes No
9 | Isotope fractioning of carbon No No Yes No

cleus, which must be taken into account when interpreting the
conditions of diamond appearance in nature.

The main fraction of grown diamonds contained the par-
ticles of the size from 100 to 150 um; larger particles reach-
ing 400 um were grown in austenitic cast iron 2. This can be
explained by a non-equilibrium form of foliated graphite in-
clusions more prone to dissolution when heating, thus able
to supply more carbon to the solid solution in comparison to
spherical particles in cast iron 3, as well as with higher stress
gradients in the cast iron matrix near foliated graphite in
comparison to spherical graphite. In addition, the advan-

tages of cast iron 2 are related to the presence of an austen-
itic matrix in the initial state, in which carbon redistribution
under thermal cycling develops more favorably in terms of
diamond growth conditions than in cast iron 1 with the same
graphite form.

The optimal number of cycles during thermal cycling
ranged from 3 to 5. A further increase in the cycle number did
not result in a crystal size increase. This can be explained by
the attenuation of diffusion fluxes due to exhaustion of non-
equilibrium vacancy reserves generated by SW treatment, as
well as the stress relaxation and a gradient decrease in the sys-
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tem of long-range stress fields near graphite inclusions arising
due to SW treatment.

Therefore, diamond solid-state auto-epithaxy in a carbon-
containing medium is the result of a favorable combination of
several factors including the composition and structure of the
growth medium (cast iron matrix), carbon source (graphite),
temperature and deformation fields that ensure polymorphic
conversion of graphite into a diamond, the appearance of gra-
dient stress fields, as well as the redistribution of defects in the
crystal structure at the mesoscale during the stages of forging,
SW and thermal treatments, which contribute to the predomi-
nant diamond growth in the kinetic mode under thermody-
namic metastability conditions.

Conclusions. SW treatment of cast irons leads to emerging
dispersed polycrystalline diamond of size ranging from 1 um
to 3 um with the maximum yield of about 32 %. Polycrystals
with a highly developed surface are potentially capable of fur-
ther growth during thermal cyclic processing of the cast iron
microstructure. The dynamic synthesis diamond can continue
to grow in the kinetic mode with further thermal cycling or
forging. The chemical activity of the studied heterogeneous
system is due to the influence of high concentration of defects
in the microstructure of the cast iron matrix and graphite in-
clusions, which helps to accelerate the delivery of carbon at-
oms to growing diamond particles. The use of forging before
SW treatment leads to the orientation of graphite inclusions
perpendicular to the pressure direction and contributes to a
significant increase in the explosion diamond output. The
most stable and reproducible process for growing a single crys-
tal shell on explosion diamonds is austenitic gray cast iron with
foliated graphite.

Mechanical and thermal treatment of cast iron includes
two most important stages, which, regardless of the applica-
tion sequence are as follows: 1) appearance of microstructures
in the iron matrix and graphite inclusions with a reserve of ad-
ditional internal energy within the range of graphite thermo-
dynamic stability; 2) creation of shock compression pressures
for phase transition of graphite to diamond.

Single crystal shell grows on a polycrystalline diamond
substrate mainly if the carbon was in a solid solution state and
the iron microstructure has a certain energy reserve addition-
ally obtained as a result of thermal and mechanical treatments.

The process of emerging of a single crystal shell on poly-
crystals does not correspond to a typical synthesis at high sta-
ble values of p and T parameters, which occurs as a continuous
growth from nucleation to the end of crystal growth. However,
there is no clear understanding up to now of the role of the
sample temperature after shock compression, the kinetics of
solid carbon solution decomposition during cast iron cooling;
besides, there are no ideas about the details of solid-phase
growth of single crystals in the range of thermodynamic meta-
stability. Thus, one of the tasks of follow-up research is the
study of these issues taking into account the available experi-
mental data on matching the properties of synthesized and
natural single crystals.

The authors are grateful to the colleagues and staff of the
Pavlohrad Chemical Plant (Ukraine) who took part in con-
ducting the experiments on SW treatment of metal alloys.
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MeTta. AHaJi3 BIUIMBY CTPYKTYPHUX ITEPETBOPEHD Yy METa-
JIeBiil MaTpulli 4aBYHiB Mo0Ju3y rpadiTHUX BKJIIOYEHb Ha
0COOJIMBOCTI CMHTE3y MOHOKPUCTAJIiB METaCTabILHOIO aJl-
Ma3a Ha ajJMa3HUX ToJsiKkpucranax (MmiIKiaaakax) ydapHO-
XBWJIBOBOTO CUHTE3Y.

MeTtoauka. [Ipy mpoBeneHHi eKCiepUMEHTATbHUX POOIT
BUKOPUCTOBYBAJIACSI METOIMKA JIA3€PHOTO 30yKEHHSI I€TO-
Hallii B 3apsiii BUOYXOBOI PEUOBUHU JIJIsi CTBOPEHHS MJIOCKO-
ro (¢poHTty neroHarii. [TpoBoauBcst XiMiYHMI, MiKPOCTPYK-
TYPHUU, CIIEKTpaJbHUI, peHTreHO(ha30BUIl aHai3 YaBYHiB.
30Kpema, JOCiIKYBaIUCS OCOOIMBOCTI PO3MOMLTY XiMIYHUX
eJIeMEeHTIB y (pazax yaByHy, IIiIJIbHICTb JUCIOKALIH y TBEPIO-
My PO3YMHIi, TapaMeTPU KPUCTATiYHOI PEIIiTKH Ta iH.

PesyabraTu. [TokaszaHo, 110 TBepaodasHa aBTOEMiTaKCis
€ (i3UYHO OOIPYHTOBAHMUM, €KCIIEPUMEHTAJIbHO ITiATBEp-
JIKEHUM i CTabiUIbHO BiITBOPEHUM siBUIEM. [IprickopeHoMy
MePeHOCy aTOMiB BYIJIELIIO 10 TOBEPXOHb 3pOCTAIOUMX KPUC-
TajgiB MeTacTabibHOrO ajaMma3dy B KiHETUYHOMY pEXHUMi
crnpusie HU3Ka (hakTopiB, 3HAUEHHS SIKUX HE € YiTKO (hiKCO-
BaHUMM BeJIMYMHAMU i xapakTepucTukamu. Lle mepii 3a Bce
CKJIal, MiKpOCTPYKTypa POCTOBOTO CepeloBUIlA (MaTpUILIS
YaBYyHY), JKEPeJIo BYIJIELI0; TeMIiepaTypa il nedopmalliiiti
oJisl, 110 3a0e3Me4yIOTh MPOXOIKEHHS TMOJiMOp(HOro 1e-
peTBOpeHHS rpadiTy B aiMa3 i BAHUKHEHHS TPaJliE HTHUX I10-
JIiB HAMPYXXeHb Ha CTalisIX KyBaHHS, yIapHO-XBUJIbOBOI il i
TepMOLMKITIOBaHHs. [IeBHY poiib Ha Me30piBHI BUKOHYIOTH
3aKOHOMIPHOCTI Tiepepo3noniny aedeKTiB KpucTaaiyHoi Oy-
JIOBU MeTaJIeBO1 MaTpulli Ta BKJIOUeHb rpadity. BcraHoBe-
HO, 110 HACUYEHHST MiKPOCTPYKTYpHUMU JAedeKTaMy Halae
CHUCTEMI B LIIJIOMY BiITHOCHO BUCOKY (hi3UKO-XiMiUHY aKTUB-
HiCTb.

HaykoBa HOBM3HA. YTiepilie y CBITOBil MPaKTULli CUHTE-
30BaHi MOHOKPUCTAIM aJIMa3y, 10 MiCTSTh yCEPEANHI MOHO-
KPUCTaJIIYHOT 0O0JTOHKM BKJTIOUEHHS MOJIKPUCTATIYHUX aJl-
Ma3HUX YaCTUHOK YIapHO-XBWJIBOBOIO TMOXOMXEHHS, LIO
MOXe CBiTUUTU B IIOMY TIPO TUCKPETHICTh MPUPOTHOTO
aJIMa30yTBOPEHHSI.

IIpakTiyna 3HaYMMicTh. 3pOCTAaHHS MOHOKDPUCTAIIIB Me-
TacTabUIbHOIO ajiMa3a Ha MoJliKpUcTaiax aaMasy BUOYXOBO-
TO CUHTE3y € HalOIIbIIT CIPUSTIAMBUAM y pa3i BUKOPUCTaAHHS
ayCTEHITHOTO Ciporo YaByHY i3 BKJIIOUEHHSIMU TpadiTy miac-
TMHYacToi ¢dopmu. EKcriepyMeHTaJibHO BCTAHOBJIEHMI
edeKT 3pocTaHHs aMa3y y TBEPIOMY CEPENOBUILL ITPU TUCKY
i1 Temriepartypi, 110 BiAINOBiIalOTh 00J1acTi CTabIIBHOCTI Tpa-
(iTy, Moxe OyTH BUKOPUCTAHUI MpPU pO3poOIli HOBUX Hee-
HEPrOEMHUX TEXHOJIOTii CHUHTE3y MeTacTabiIbHUX MOHO-
KPUCTAJIiB ajmMasy.

KimouoBi ciioBa: 6udyx, aimas, meepoa ghaza, agmoenimak-
cis, 4asyH, QizuuHi noas
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enb. AHamU3 BIMSHUST CTPYKTYPHBIX MPEBpAIleHUA B
METaJUIMYECKON MaTpuile YYT'YHOB BOJM3U T'papUTHBIX
BKJTIOUEHMT Ha OCOOEHHOCTH CHHTE3a MOHOKPHUCTAJUIOB Me-
TacTaOMJILHOTO aJIMa3a Ha aJIMa3HBIX TTOJIMKpUCTAJUIax (T10/I-
JIOXXKaX) yIapHO-BOJIHOBOTO CHHTE3a.

Metonuka. [1pu npoBeaeHUU SKCMEPUMEHTAIbHBIX pa-
00T UCIOJIb30BaIaCh METOAMKA JIA3€PHOTO BO30YXIeHUS Je-
TOHALIMM B 3apsiie B3pHIBYATOTrO BEIIECTBA UISI CO3MAHUS
IJIOCKOTO (hpoHTa JeToHanuu. [1poBoAMIICS XMMWYECKUH,
MUKPOCTPYKTYPHBIM, CHEKTPaJdbHbIA, PEeHTreHO(a30BbIit
aHaJu3 YyTyHOB. B yacTHOCTH, McCiTenoBatnch 0COOEHHOCTU
pacrpenefieHUs] XMMMUYECKUX B3JIEMEHTOB B (ha3ax UyryHa,
TUTOTHOCTh IMCIIOKALMii B TBEPIAOM PAacTBOPE, MapaMeTphbl
KPUCTAJUIMYECKOM PEIIECTKA U P.

Pe3yabratel. [lokazaHo, 4To TBepaoda3Has aBTOSMU-
TakcUsl sABIsieTCs (pU3MYeCKU OOOCHOBAHHBIM, DKCIIEPHU-
MEHTAJIbHO TTOATBEPKIEHHBIM U YCTOMYUBO BOCIIPOU3BO-
IUMBIM SIBJICHUEM. YCKOPEHHOMY MEPEHOCY aTOMOB yrIjie-
polla K TIOBEPXHOCTSIM PACTYIIUX KPUCTAJUIOB MeTacTa-
OMJILHOTO ajiMa3a B KWNHETUYECKOM PeXMMe CIIOCOOCTBYET
psin GakTopoB, 3HAYECHUS KOTOPHBIX HE SIBJISIIOTCSI CTPOTO
(UKCUPOBAaHHBIMM BEIUYMHAMU M XapaKTepMCTUKAMU.
DTO mpexXIe BCEro COCTaB, MHKPOCTPYKTYpa POCTOBOI
cpenbl (MaTpulia YyryHa), MCTOYHUK YIJiepoja; TeMIlepaTy-
pa 1 necdopMallMOHHBIE TTOJIsI, 00CCIIeUNBAIOIINAE TTPOXOXK-

neHne mMoTuMopdHOTO TIpeBpalieHus rpadura B aiMa3 u
BO3HUKHOBEHUE 'PAJIMEHTHBIX MMOJIeH HAMIPSIKeHU I Ha cTa-
IUSX KOBKH, YIapHO-BOJHOBOTO BO3IECHCTBUS U TEPMOIIM-
kaupoBaHus. OmNpenesieHHYl0 pojib Ha ME30ypOBHE BbI-
MOJIHAIOT 3aKOHOMEPHOCTH MepepacnpeaeeHus nedekTon
KPUCTANIMYECKOTO CTPOECHUSI METAIITMYECKON MaTPUIIbl 1
BKJIIOUEHUIt TpacuTa. YCTAaHOBIEHO, YTO HACBILIIEHUE MU-
KPOCTPYKTYPHBIMU NedeKTaMu MPUAAET CUCTEME B 1IEJIOM
OTHOCUTEIbHO BBICOKYIO (DU3UKO-XMMUYECKYI0 aKTUB-
HOCTb.

Hayynas HoBu3Ha. BriepBbie B MUPOBOII MpaKTUKE CUH-
Te3UpPOBaHbl MOHOKPUCTAJUIBI ajiMa3a, CoiepKalllue BHYTpU
MOHOKPHUCTATBHON 00O0JOYKU BKJIIOYEHUsI TIOJTUKPUCTAIIIN-
YEeCKUX aJIMa3HBIX YaCTHIL] YIapHO-BOJTHOBOTO MPOUCXOXKIE-
HUsI, YTO MOXET CBUIETEIbCTBOBATh B LIEJIOM O TUCKPETHO-
CTH MPUPOIHOTO aJIMa3000pa30BaHUs.

IIpakTuyeckass 3HaYMMOCTh. POCT MOHOKDPUCTAJLIOB Me-
TacTaOMJIBHOTO ajiMa3a Ha MOJIMKPUCTAIaX ajiMa3a B3pPbIB-
HOTO CUHTE3a SIBJIsieTCsl HarboJiee 01aronpusiTHBIM B Cliydae
HCITOJIH30BaHUST AyCTEHUTHOTO CEPOTO YyTyHa C BKITIOYSHU S~
MU rpaduTa MIacTUHYATON (OpMBbI. DKCIEPUMEHTATBHO
yCTaHOBJICHHBIN 3(DeKT pocTa ajiMasa B TBEPIOU cpele Mpu
NABJIEHUU U TEMIIepaType, OTBEYAIOIUX 00JACTU CTaOUIIb-
HOCTH rpadura, MOXET ObITb MUCITOJb30BaH IpU pa3paboTKe
HOBBIX HE9HEPrOEMKUX TEXHOJIOTUI CHHTE3a MeTacTaOuib-
HBIX MOHOKPVICTAJIJIOB aJIMa3a.

Kirouessle ciioBa: 63pwie, aimas, meepdas ¢aza, aemosnu-
makcus, uyeyH, Qusuueckue noas
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