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INVESTIGATION OF GaN BEHAVIOR IN CONTACT WITH FE, Fez2.sN AND Co/Cr AT
HIGH PRESSURES AND HIGH TEMPERATURES

In this work behavioral features of gallium nitride (GaN) being in contact with Fe, Fe..4N and
(Co/Cr)eut under high-pressure (6-8 GPa) high-temperature (up to 2000 <C) conditions (HP-HT) have been
described. Preparatory stages of experimental research including thermobaric calibration of the toroidal HP
apparatus using thermocouple method considering some melting results of a number of metals and alloys such
as Pt, (Mo—C)eu, Fe, FezsN, (Co/Cr)ey, Cu and Pr under pressure are highlighted in detail. The gallium nitride
was found to dissolve in the Fe, Fe..4sN and (Co/Cr),« melts as evidenced by increasing of sample weights (non
GaN part). As a rule, changes of mass took place starting from temperatures below the melting point of a pure
material (sample) that is obviously due to contact melting at the GaN-sample interface. At a fixed pressure
and isochronous experimental conditions the degree of GaN dissolution strongly depends from temperature
for all systems under consideration. For temperature region of 1800-2000 °C a mass increasing of the second
component in GaN-Fe, GaN-Fe..sN and GaN—(Co/Cr)eu: pairs due to GaN dissolving reach 20-30 wt. %.
There was a tendency to decreasing of GaN solubility coursed by pressure reducing as it was noted on example
of the GaN—(Co/Cr)eu pair. Regarding the equilibrium concentrations of Ga and N in melts of Fe, Fe,4N and
(Co/Cr)eu alloy the final conclusion will be received after examination of quenched samples by EDX, XRD,
Raman spectroscopy and other methods.

Key words: gallium nitride, high pressure and high temperature, contact melting, dissolution in melts,
iron, iron nitride, (Co/Cr)eu alloy

Studies of the physicochemical processes of the interaction of gallium nitride (GaN) with
melts of metals and alloys (Me) at high pressures and temperatures are important in the context of
highly efficient growth systems search both spontaneous mass crystallization and the perfect GaN
crystals growing by temperature gradient methods. It is advisable to study the behavior of GaN—-Me
systems at temperatures exceeding the contact melting ones using toroidal apparatus with special
designs of high-pressure cells (HPC). This work describes in detail the preparatory stages of the
experimental research including the calibration of the high-pressure apparatus (HPA) for temperature
and pressure. A relatively simple methodology was used to study the thermobaric behaviors of a
number of Me and GaN-Fe, GaN-Fez-4sN and GaN—(Co/Cr)eut contact pairs. The composition of the
cobalt-chromium alloy corresponded to the eutectic containing 46.5 at. % Cr. The degree of GaN
dissolution was evaluated on the basis of the change in the weight of the Me samples post factum.
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Fig. 1. Central part (half axial section ) of HPC assembly (a)
and formation of a locking system (deformable seal) at
compression of HPAT-30 (b):a — location of parts in HPC (1 —
heat insulating pyrophyllite ring; 2 — axial heater pressed from
natural low-ash graphite mixed with 40 vol. % ZrOy; 3 —
pressed caps of natural low ash graphite; 4 — pressed capsule
of CsCl mixed with 10 wt. % ZrO; 5— GaN powder; 6 —sample
of Fe, Fe2-4N or (Co-Cr)eut alloy; 7 — cylindrical heater made
of electrode graphite grade R8710 (SIGRAFINE, bulk density
d=1.88 g/cm3); b — deformable seal formation at c-axis
compression of the apparatus (8 — bearing plate, 9 — hard alloy
inserts, 10 — fastening steel ring, 11 — external deformable seal
(pressed calcite), 12 — zone of internal deformable seal (bulk
lithographic stone)

5 mm

Having been used technique
gives way to make samples
convenient  for  subsequent
electron microscopic studies.
The necessary HP-HT
conditions were created using a
toroidal type apparatus of the

«HPAT-30» model [1]. The
available  level of p,T-
parameters for HPAT-30 is

usually limited by a pressure of
about 8 GPa and a temperature
of 2400 °C. The volume of the
high-pressure zone is
determined by the dimensions of
the spherical cavity volume
(segments) in the oppositely
directed carbide inserts of the
apparatus. The segment base
diameter is 30 mm and a sphere
radius is 22,5 mm. In the initial
state, after the placement of the
HPC, the distance between the
bases of the segments is 8.3 mm.
In the compressed apparatus,
after the convergence of the
inserts, it is approximately 2,7
mm (fig. 1).

HPAT-30 assumes the

use of the DO-043 model press
to reach necessary nominal axial loading force F = 16.35 MN at oil pressure in the plunger system
equal to 101,3 MPa. When high pressure is created, deformable interlayers in the zones of the inner
and outer seals prevent possible depressurization of the device, and also block the radial outflow of
materials from the central zone of the HPC, where the sample in the capsule and the graphite heater
are located (see fig. 1).

Specificities of HPAT-30 temperature calibration with evaluating of the pressure at a high-
temperature range. Two methods of temperature calibration were used. In the first, the standard
approaches with applying of thermocouple sensor were used [2]. In the second, melting of the
substances depending on pressure was took into consideration. The coordination of results obtained
makes it possible to estimate the magnitude of pressure at high temperatures.

At thermocouple calibration the junction of Pt—Rh (30 wt. %) and Pt—Rh (6 wt. %) electrodes
was located in the center of the HPC which was filled by graphite-like boron nitride in the form of a
compacted powder to a density of d = 1,8 g/cm®. The electrodes were placed in a ceramic case made
of Al2Os in order to exclude the shunting of the measuring circuit by the heater. The determination
of the temperature depending on the power of the electric current of the heater was carried out in 6
independent similar experiments. Compilation of the obtained data was used to construct a calibration
curve by means of polynomial approximation (fig. 2).

The analytical expression for the obtained approximate relation has the form of a polynomial

T(P) = 17,18456 + 0,2414-P + 1,48784-1075-P2, 1)
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where T — temperature, °C; P — electrical power, W.

For temperatures exceeding 1900 °C an extrapolation was used, according to an
approximation (1). As seen in fig. 2, in the temperature range 1200-2400 °C linear approximation
T(P)=0,4-P -390 is entirely applicable.

2400_ Therefore a change in power of 100 W
2000 causes a temperature change about 40 °C.
& ] Note that automated power control system
°. 1600+ used in this research has allowed to set and
g 1 maintain electrical power in increments of 1
g 12007 W, which at above temperature range

£ 800 corresponds to AT(P) = 0,4 °C.
5 The real pressure in the cell at high
& 400- T C) = 0.4 P(W) - 390 temperatures was estimated based on the
1 known data on Pt melting [3] and contact

0

eutectic melting in the Mo—C system [4-6].
The  procedure consisted in  the

_ Power (P), W experimental ~ determination  of  the
Flg. 2. Temperature Ca“bratlon graph Of HPAT-30 temperature interva' AT between the

for the HPC center, depending on the current power  melting points of Pt and (Mo—C)eu,
in the heater: a — introduction of a thermocouple  knowing which it is possible to determine
followed by diametrical wiring of thermoelectrodes  the pressure in the HPC (fig. 3).
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Fig. 3. Melting lines of substances: 1 — intersection of the Pt melting line with the diamond-graphite
equilibrium line (2) [7], which defines the reference point with coordinates T = 2084 “«C and p = 7.15
GPa; 3 — line of decomposition of GaN [8]; data for metals Pr, Cu and Fe, as well as chlorides Ag,
Na and Cs, are borrowed from reviews of E. Yu. Tonkov [9]. The interval AT =90 < corresponds to
the pressure in the cell p 8.3 GPa

About parameters of thermaobaric action were also judged based on analysis of data on Me melting
taking into account the known Tm(p) dependences — Fe, Al, and Pr [9]; Ni and Cu [3] (fig. 3). Note that
the melting points of praseodymium and eutectic (Mo—C)eut are practically independent of pressure.
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Sodium chloride or the CsCI-NaCl salt system which forms a low-melting eutectic with 35,5
mol. % NaCl was used as a flux. At normal pressure the melting point of the eutectic is 495 °C [10].
In the case of fusible Pr a silver chloride is the most suitable medium having a lower melting point.
The Tm (p) dependence for CsCl is known up to 5 GPa, for Pr up to 6 GPa, and for AgCl and NaCl
up to 6,5 GPa [9]. Data shown in fig. 3 for these substances (dotted lines) are calculated in the first
approximation using adequate extrapolation of the approximating functions obtained by mathematical
processing of the available experimental data.

The Me samples, usually in the form of small fragments (pieces) of irregular shape ranging in
size from 1 to 3 mm, were pressed into the salt using a steel mold making close to non-porous «sample
melting module». The module was inserted into the capsule (4) instead of GaN (5) and sample (6)
(see fig. 1, a). In some cases, a small amount of 0,3-0,4 mm diamond crystals were placed in the salt
together with the Fe, Pt, and Mo samples. For experiments with Mo eutectic melting the cylindrical
samples of 3,7 mm in diameter and of 3 mm in thickness were prepared. The Pt samples had equal
diameter and thickness about 2 mm. The cylinders by a flat surface were mounted on a 0,5 mm thick
substrate from low-ash crystalline graphite placed at the bottom of the capsule.

In all experiments the compression force of the HPA was kept constant at the nominal value
F = 16.35 MN. The duration of the thermobaric action was 90 s. Determination of the electric power
value at which the sample begins to melt involves performing several experiments with successive
narrowing of the uncertainty interval AP (bisection method). After completion of the experiment, the
sample was removed from the salt by dissolving it in water. Post factum the melting of metals was
indicated by a change in the shape of the samples — the appearance of convex areas on flat surfaces,
rounding of sharp tops and edges, folding into a drop, and smoothing of the roughness profiles during
contact melting. Under thermobaric action the hydrostatic compression conditions are realized in
molten salts. In liquid media the effects of convective and gravitational migration of samples in the
flux melt are also possible. Usually under the action of gravitational forces Me samples, which have
a higher density in comparison with the density of the salt melt, sank to the bottom of the capsule.

Many characteristic features of the behavior of above metals make it possible to draw quite
definite conclusions regarding the conditions of thermobaric action, as can be seen below in the text. The
methodological approach proposed in the work assumes the uniformity of the HPC design, the
invariability of the geometric parameters of the parts in the assemblies and the materials used, in particular
the maximum possible similarity of heaters made of high-quality electrode graphite of the R8710 type
(SIGRAFINE, bulk density d = 1,88 g/cm®). Of course, all these factors, along with the technical state of
the HPAT-30, can have a significant effect on the convergence of the experimental results.

Contact eutectic melting in Mo—C and Pt—C systems. At temperatures not high enough to melt
pure Mo the effect of eutectic melting in contact with the graphite — C(gr), substrate can be so
significant that the resulting melt begins to behave like a diamond-producing catalyst-solvent. The
infiltration process of melt penetration under the action of high pressure covered a significant part of
the substrate volume. As a result, a spontaneous mass crystallization of diamond was observed with
the formation of a strong intergrowth in the form of a fine-grained «diamond brush» concentrically
located around the edge of the sample. In this case, the upper part of the Mo sample retained its
cylindrical shape without any signs of metal melting (fig. 4, a). In the next series of experiments,
narrowing the range of uncertainty in the electrical power of the heater AP in accordance with
bisection method scheme, the value of P was recorded, at which the first signs of contact melting
appeared — smoothening of the roughness profile on the sample surface in the absence of diamond
formation (fig. 4, b, c).
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Fig. 4. Contact melting in the Mo-C(gr) and Pt-C(gr) systems: a — infiltration of diamond-producing
melts into the graphite substrate, facilitating the process of catalytic conversion of graphite into
diamond by forming a fine-grained «diamond brush» under the samples; b — smoothening of the Mo
surface roughness profile at the moment of the start of contact melting at a lower temperature; ¢ —
roughly processed surface of the initial Mo sample

Melting of platinum in contact with graphite proceeds at significantly lower temperatures in
comparison with (Mo—C)eut. Note that at normal pressure the melting plateau in the Pt—C system
corresponds to the eutectic point at a temperature of 1737,4 °C and a carbon content of 1,2 wt. %
[11]. The melting point of pure platinum, at least up to a pressure of 9 GPa, is also below than Tm(p)
for (Mo—C)eut (see fig. 3). Thus, in conditions of rising temperature, the eutectic melting of Pt precedes
the appearance of the melt at the Mo-C(gr) interface. As in the case of Mo, the platinum-carbon melt
exhibits significant diamond-producing activity, as a result of which a diamond-containing
intergrowth is formed under the molten platinum in the radially expanded area and throughout the
entire depth of the graphite substrate (fig. 4, a). Obviously, in these experiments, the parameters of
thermobaric action correspond to the region of thermodynamic stability of diamond.

Melting platinum in the absence of contact with graphite. After melting in a liquid NaCl
medium the Pt melt curls up into a drop which sinks to the bottom of the capsule. In the case of
presence of small diamond crystals (0,3-0,4 mm) initially placed under the capsule lid, they sink in
salt and after colliding with a Pt drop are held on its surface due to the action of adhesion forces
(flotation effect). It can be seen that the crystals are predominantly concentrated on top of the drop,
i. e. «float» on the surface of the molten metal due to the lower density of diamond in relation to the
density of platinum in the liquid state (fig. 5).

a
Fig. 5. Drops of platinum with diamond single crystals (samples solidified at the bottom of the
capsule in an NaCl medium upon cooling the HPC). A current power in the heater: a — P =6.8 kW,
b, c — P =6.5 kW; ¢ — absence of any signs of diamond graphitization

Graphitization of diamond in contact with a platinum melt-solvent of carbon is not observed.
Therefore it can be argued that the system in terms of p, T-parameters is above the control point (1) in
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the upper right sector between the line Tm(p) of platinum and the line of diamond-graphite equilibrium
[7] (see fig. 3).

Processing of the experimental results on fixing the moments of the onset of melting of Pt and
(Mo—C)eut, taking into account the data of thermocouple HPC calibration (see fig. 2), showed that the
difference between the corresponding temperatures is ATm(p) = 90 £ 10 °C (see fig. 3), which in turn
determines the pressure in the cell p= 8,3+ 0,3 GPa at high temperatures in accordance with the
analytical relation

ATw(p) = 2473,15 — 2042(p/21,5 + 1)Y2+ 2,7p, ()

which is based upon data from [3, 5] and where T — temperature, °C; p — pressure, GPa.

An intense spontaneous nucleation and grows of diamonds in the Fe—C(gr) system developed
in the contact zone of the iron sample with graphite and it also indicates a high level of pressure in
the cell at high temperatures (fig. 6).

Fig. 6. Contact melting of an ARMCO-iron plate located on a graphite substrate at a pressure of 8,3
GPa: a — the shape of a drop wetting the substrate (top view); b, ¢ — spontaneous diamond formation
at the Fe-graphite interface (c — fragment highlighted in b at higher magnification)

Melting of (Co/Cr)eut alloy and Fez>.sN nitride at a pressure of 8,3 GPa in the absence of
contact with carbon. Melting of the (Co/Cr)eut alloy and iron nitride was carried out in a melting
module with an NaCl medium without using a graphite substrate or diamond crystals. At the initial
stages of (Co/Cr)eyt melting, rounded shapes appear and traces of machining on the flat surface of the
initial sample disappear. The melt is pulled together by an oxide film and the shape outlines are
initially preserved, but at a higher temperature the melt takes the form of a round drop (fig. 7, a, b).

c

Fig. 7. Melting of the (Co/Cr)eut alloy (a, b) and iron nitride (c) at a pressure of 8,3 GPa in NaCl
melt: a, b — successive stages of curling up of the Me melt into a drop with temperature increasing (i
— an image of the initial (Co/Cr)eut sample with traces of machining); ¢ — curling up of the iron
nitride melt into a drop (i — an image of the initial shard from the bulk sample of remelted original
powdered Fe2.4sN under HP—HT)
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The starting iron nitride powder is identified by the supplier (Alfa Aesar GmbH) as Fe2.sN (325
mesh). According to the X-Ray powder diffraction data analysis, based on the ratio of the reflectivity
of the planes for the most intense reflections, Fe>.4N consists of 53 % of FesN with Space Group
Symmetry (SGS) Pm3m and approximately equal amounts of two structural varieties of FesN, differing
in SGS — P6322 and P312. After sintering of Fe>4N powder at high pressures (p ~8 GPa) and
temperatures (7s ~ 1700 °C) for 40 s an almost monophase polycrystalline FesN product with the SGS

2400 - P6322 structure is formed (analysis by
powder diffraction after grinding the
sintered sample). Note that the study of
diffraction from a polycrystal revealed
the strongest crystallographic texture of
the material with the preferred
orientation of crystallites by the (111)
planes normal to the HPC compression
\ axis. In the obtained diffraction spectrum

TC calibration (acc. to fig. 2) there are no reflections except 111 and
800 : , , ' ' . 222 of FesN. The density of
3000 4000 5000 6000 7000 polycrystalline FesN, established by the

Power (P), W hydrostatic ~ weighing  method, is

Fig. 8. Correlation of the data on the melting points of ~ 7:30 0,05 g/cm®. Thus, we can assume
Me at a pressure of 83 GPa with the HPC  With a high degree of certainty that the
thermocouple calibration (see fig. 2) and an estimate  Sample of this particular polymorphic

of the melting temperatures of the (Co/Cr)eutalloyand ~ Modification of the compound was
FesN nitride for 8,3 GPa subjected to melting in our experiments

(see fig. 7, c).

As can be seen the Me melting points referred to pressure of 8,3 GPa (see fig. 2) related with
the experimentally established values of the electrical current power in the HPC heater correlate well
with the of the thermocouple calibration (TC) curve (fig. 8).

This circumstance made it possible to estimate the melting temperatures of the (Co/Cr)eut alloy
and FesN nitride in molten NaCl at a pressure of 8,3 GPa, which amounted to 1520 and 1518 °C,
respectively. The features of the thermobaric behavior of (Co/Cr)et and FesN have not been
previously studied in detail. The data of [12] are the closest, the authors of which came to the
conclusion that at p = 7 GPa FesN at 1550 °C is in a molten state, but the equilibrium point associated
with the onset of nitride melting has not been established.

Experiments at reduced pressure. The possibility of performing high-temperature
experiments in HPAT-30 at pressures of less than 6 GPa created by reducing the axial compression
force of the apparatus is rather limited due to an increase in the probability of explosive
depressurization of the HPC, since the friction forces in the materials of the deformable seal zone
inevitably become weaker. An effective way to reduce the pressure in the cell while maintaining the
optimal compression force of the seals is to reduce the initial density of the pressed parts mainly from
the central zone of the cell where the sample is located (see fig. 1). Of course, after this it is necessary
to correct the HPC calibration including using the method of post factum fixation of the Me melting.

A decreasing of pressed parts density (see fig. 1, @) as: 1 (thermal insulation), 2 (axial heater), 3
(lids) and 4 (capsule) respectively by 10; 10; 15 and 15% with respect to the nominal density of the parts
used in previous experiments (p = 8.3 GPa) the pressure in the cell turns out to be significantly lower.
Based on the results of experiments with melting of Pr, Al, Cu, Fe, as well as the peculiarities of diamond
nucleation and grows on Me-graphite interface, the pressure level in the HPCI, at least in the temperature
range around the melting of (Co/Cr)e.t alloy, FesN nitride, and Fe, was estimated to be p = 6,7 GPa.

T, at pressure of 8.3 GPa
(Mo-C)

cut

2000 4

C

[

1600 5

(Co/Cr),,, alloy

1200 4

Temperature (T ),
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As an example, a comparison of two situations with the behavior of a Fe (Armco)—C (gr) contact
pair is representative. At a pressure of p = 8,3 GPa and a temperature of 1850 °C the system is deep in
the region of diamond thermodynamic stability with the supercooling of AT = 650 °C (see fig. 3). In
molten Fe the diffusion mobility of carbon is significant and, iron being an effective diamond-producing
solvent-catalyst, under the indicated conditions of thermobaric action facilitates spontaneous nucleation
and growth of diamond crystals (see fig. 6). At a pressure of p=6,7 GPa in the experiment at a
temperature of 1910 °C, corresponding to the diamond-graphite equilibrium (A7 = 0 °C), Fe melting
was observed with the formation of a drop which wets the graphite substrate (fig. 9).

Fig. 9. Melting of Armco-iron in contact with the graphite substrate at a pressure of p 6.7 Gpa and
a temperature of 1910 <C: a — the shape of a droplet wetting the substrate (side view); b — full face
of the contact surface of a drop (S) with graphite, ¢ — brightfield image of the polished section surface
in an optical microscope revealing the characteristic features of the microstructure of a crystallized
melt with graphite precipitates

The wetting contact angle is about 90 ° or slightly exceeds it, which corresponds to the carbon
concentration () in the melt with o > 4,3 wt. % (eutectic value at normal pressure [13]). Evaluation
of the carbon content from the increase in the mass of the sample gives a value of a = 5,7 wt. %,
which may be associated with the effect of pressure on the solubility of carbon in the iron melt.
Crystallization of diamonds was not observed, which indicates the transition of the system to the
graphite thermodynamic stability region. A lot of specular highlights on the contact surface of the
crystallized Fe—C alloy is probably due to carbide precipitates (fig. 9, b). The absence of diamonds,
in particular, is evidenced by the low abrasion resistance of the sample surface. On a polished section
in the bright field mode of an optical microscope, a microstructure is easily detected, which resembles
the structure of gray cast iron with precipitates of lamellar graphite with flakes up to 100 pm and a
thickness of 20-30 um (see fig. 9, ¢). Of course, additional EDX studies are needed to make final
conclusions about the alloy composition.

The study of the behavior of GaN-Fe, GaN—Fe2.4sN and GaN—(Co/Cr)eut contact pairs. The
technique of carrying out thermobaric research assumed the use of samples in the form of round plates
with a diameter of 8 mm and a thickness of 2-3 mm, made of Armco iron (up to 99.9 % Fe) and
(ColCr)eut alloy (46,5 at. % Cr). Iron nitride powder Feo.sN (< 44 pum, as delivered) was preliminarily
compacted in a steel mold before being placed in a capsule (see fig. 1). Compaction of difficult-to-
compress polydisperse powders from hard brittle particles of gallium nitride (< 40 um) was carried
out using vibration during the assembly of the capsule. Typically, the arrangement of the components
involved a three-layer GaN-sample—GaN sequence, as shown in fig. 1, a, and less often a simplified
two-layer combination with GaN over the sample.

The compression force of HPAT-30, as in the case of experiments with Me melting, was
maintained at the nominal value F = 16,35 MN. The power of the electric current in the heater was
increased uniformly to the required level for 20 s. The duration of thermobaric action for all contact
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pairs was 3 min. At the end of the exposure, the heating power was smoothly reduced to zero within
10 s. After a short cooling of the apparatus pressure was released during 30 s. Recovered contact pair
was purified from salt residues by ultrasonic cavitation treatment in water and then in isopropyl
alcohol for 3 min at each of the operations.

The mass of the sample before and after the experiment was determined with a relative error
of & = 0,15 % using an AXIS AD 200 scales. A diagnostic sign of the beginning interaction between
contact pair components was the increment of sample mass (AM) caused by the dissolution of GaN
in the melt appeared at interphase boundary during of HP-HT action. A measuring of Am is certainly
possible only in the case of delaminating residual (undissolved) GaN from the Me sample. At this
incident GaN is seceded as a sintered polycrystalline plate. The delaminating is often observed to
occur spontaneously due to critical level of thermo- and baroelastic stresses between the sample and
GaN plates and takes place after cooling and decompression of the HPC. Obviously, the nature of the
stresses is associated with the differences in the coefficients of thermal expansion and bulk modules
of the contact pair components.

A possibility of delamination, however, is often insignificant, which is associated with the
influence of a number of other factors, such as the initial level of thermobaric action, changes in the
physical-mechanical characteristics of the sample as a result of dissolution of GaN in it, etc. In this
case, the degree of dissolution of GaN and the spatial distribution of dissolved elements can be judged
by EDX, XRD and other methods.

The GaN-Fe contact pair. After performing of the thermobaric loadings at p = 8,3 GPa in the
temperature range of 1400-2000 °C the delaminating of the undissolved part of GaN occurred
regardless of the type of contact pair assembly (two- or three-layered). In experiments with a pressure
of 6,7 GPa delaminating was observed only in two-layer assemblies, except for the case with a
maximum temperature of p,T-treatment at 2100 °C at which the melt began to coalesce into a drop
(fig. 10).

Fig. 10. An external shape of GaN—Fe contact pairs produced under pressure of 6.7 GPa at different
temperatures during 3 minutes: a, b — 1680 <C and 2100 °C, respectively (two-layer GaN-sample
assembly); ¢ — 1700 °C (three-layer GaN-sample—GaN assembly); scale division is 1 mm

At similar conditions of HP—HT treatment with a three-layer assembly in all 7 fulfilled
experiments at temperatures of 1700; 1840; 1910; 1965; 2020; 2080 and 2140 °C sintered bodies
were recovered without any signs of delamination of contacting components (see fig. 10, c).

The GaN-Fe>4N contact pair. The initial Fe>.4sN and GaN powders were placed in the capsule
in a compacted state one above the other so that the phase boundary remained as flat as possible. As
shown above, at pressure of 8.3 GPa the melting temperature of pure FesN (remelted Fe2.sN) is
Tm = 1518 °C. Contact pairs were processed by temperatures of 1145; 1290; 1435; 1600 and 1765 °C.
The effect of delamination of GaN from the sample was observed only in the first two experiments.
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Puc. 11. The mass increment of the samples in the contact
pears as a result of their interaction with GaN under the
HP-HT action at duration of 180 s: 1-— GaN-Fex4N,
p =83 GPa; 2 — GaN-Fe»sN, p =8,3 GPa (expected
relationship for samples with non separated GaN plates);
3 — GaN-Fe, p=83 GPa; 4 - GaN-Fe-GaN,
p = 8,3 GPa; 5- GaN—(Co/Cr)eus—GaN, p =8,3 GPa; 6 —
GaN—(Co/Cr)eut—GaN, p =6,7 GPa

In the last sintered bodies turned out. On the lateral surface of the cylindrical samples a location of
initial interface between the Fe>.4sN and GaN is clearly visible.

The GaN—(Co/Cr)eyt contact
pair. In all experiments a three-
layered GaN—(Co/Cr)eut-GaN
assembly was applied (fig. 1, a). The
HP-HT actions were carried out at
pressures of 8,3 and 6,7 GPa. In the
first case temperatures of 1550;
1590; 1630; 1665; 1700 °C, and in
the second 1580; 1700; 1800; 1855;
1910 and 1965 °C were used.
According to our preliminary data,
the melting point of the (Co/Cr)eut
alloy at a pressure of 8,3 GPa is
Tm=1520°C. In both series of
experiments the sintered
polycrystalline plates of undissolved
GaN were easily separated from the
central samples of a three-layer
assembly.

The final results on the
degree of GaN dissolution in the
samples for each of the GaN-Fe,

GaN-Fe24N and  GaN—(Co/Cr)eut
contact pairs were obtained proceeding from the AM values in those cases when delamination of
excess undissolved GaN took place (fig. 11).

Final comments. The data obtained indicate not only the fact of GaN dissolution in iron, FesN
nitride (sample is a remelted Fez-4N powder) and (Co/Cr)eu alloy but also a significant influence of the
p, T, t-parameters of HP—HT action on a degree of dissolution. At the pressures of 6,7 and 8,3 GPa
melting point of Fe is 1782 and 1827 °C, respectively. According to our estimates, at a pressure of 8,3
GPa, melting of FesN and (Co/Cr)eyt alloy occurs at much lower temperatures of 1518 and 1520 °C,
respectively. The dissolution of GaN in the samples is observed even at lower temperatures, which is
probably associated with the effects of contact (eutectic) melting at the interface with the sample in the
studied pairs (see fig. 11). On the example of a (Co/Cr)eyt alloy, one can observe a tendency towards a
decrease in the solubility of GaN with decreasing pressure. For example, for the temperature of 1600 °C
with a pressure decrease from 8,3 to 6,7 GPa (by 19,3 %) the change in the sample mass due to GaN
dissolution also becomes less by about 20 %. The influence of temperature on the degree of dissolution
of GaN is much more effective. Thus, at fixed pressure of p = 6,7 GPa a temperature increasing from
1600 to 1900 °C (by 18,8 %) leads to GaN dissolution growth up to 160 %.

Regarding the equilibrium concentrations of Ga and N in melts of Fe, Fe24N and (Co/Cr)eyt alloy
the final conclusion will be received after examination of quenched samples by EDX, XRD, Raman
spectroscopy and other methods. A study of the features of the GaN dissolution profiles and the nature of
inhomogeneities in the structure of the samples can indicate the development of processes of spontaneous
nucleation and growth of GaN, as well as co-crystallization of accompanying phases, upon cooling of
nonequilibrium supersaturated states of solutions in the systems under study.
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I1. A. Bana6anos®, I1. Knimuux®, 0. 1. Cagosa, O. B. Casuubkuii, C. O. Fopaees, T. O. Cakar’

Ynemumym naomsepoux mamepianie imeni B. M. Baxyna HAH Vxpainu
2Incmumym ¢hizuxu eucoxux mucxie ITAH, Ionvwa
3 ITvsiscoruii Hayionanvruil yrisepcumem imeni leana @panxa, Ypaina
‘TOB Exollatimono, Himeuuuna
*Incmumym nepedogux mexronoziii 06po6u, ITorvwya

BUBYEHHSI IOBEJAIHKHA GaN Y KOHTAKTI 3 Fe, Fe,.N i Co/Cr
IIPU BUCOKHUX TUCKAX i TEMIIEPATYPAX

B pobomi onucani ocobusocmi nosedinku Himpuody eanito (GaN), wo 3naxooumucs y koumaxmi 3 Fe,
Fez.aN i (Co/Cr)eem 8 ymosax sucoxux muckis (p =68 I'Tla) i memnepamyp 0o 2000 °C. Jemanvro euceimneni
ni020mosyi emanu eKCNepUMEHMANbHO20 OO0CHIONCEHHS, WO BKIOUAIOMb mepModapuine 2padyio8aHHs.
anapamy 8UcoK020 MucKy mopoioaibH020 MUny 3a 00NOMO20K MePMONapu 3 YPaxy8anHam pe3yibmamis 3
naaenennsi psoy memanies, cniasie ma ix cnoayk, maxux sk Pt, (Mo—C)eem, Fe, Fe2uN, (Co/Cr)gm, Cu, i Pr.
Bcemanoesneno, wo GaN poszuunsemucs posnaasax Fe, FeoulN i (Co/Cr)esm, npu ybomy cnocmepicacmucs
3aKOHOMIpHe 30inbleH A Macy 3pasKie. Sk npaeuno, 3mina macu QIiKcyemuvcs npu memnepamypax Huxcue
memnepamypu NiaejeHHs Yucmoz2o mamepiany (3paska), wo 6Ka3ye HA GUHUKHEHHS Npoyecie Mixcgaznoeo
KOHMAKMHO20 niasienus Ha epanuyi noodiny GaN-spazox. Ilpu ¢hikcosanomy mucky i i30XpOHHUX YMO8
excnepumenmy cmyninb pozuurenuss GaN cunvbHo 3anexicums 6i0 memnepamypu O 8CIX pPO32HsAHYMUx
cucmem. B obracmi memnepamyp 1800-2000 °C 3mina macu 0py2020 KOMNOHEHMA 8 KOHMAKMHUX NAPAX
GaN-Fe, GaN-Fe2.4N i GaN—(Co/Cr)eem 6 nacnioox posuunenns GaN odocseae 20-30 mac. %. Ha npukiaodi
cnnagy (Co/Cr)eem OeMOHCMpPYEMbCst meHoenyis 00 smeHuierHss posuunnocmi GaN 3 NOHUICEHHAM MUCKY.
Bucnosku wodo docsacnenns pisnosaxcnuux konyenmpayini Ga i N 6 posnnasax Fe, nimpuoy FeosN i cnnagy
(Co/Cr)esm OyOymb ompumani nicis OOCIIONCEHb 3a2apMOBAHUX 3PA3KI6 13 3acmocyéanHam memooie EDX,
XRD, cnexmpockonii KoMOiHayitino20 po3ciloeanHs ma iH.

Knwuogi cnoea: nimpuo eaniio, UCOKUi MUCK § GUCOKA MeMNepamypd, KOHMAKMHE NiAGNeHMHS,
Ppo3uuUHenHs 8 pO3Naeax, 3anizo, Himpuo 3aniza, cnaias Co/Cr

H. A. Ilerpyma?, B. C. Cagossiii> 3, I1. C. Canosbiii, A. C. Ocunos, 10. I0. Pymsinuesa’,
I1. A. Bana6anos’, I1. Knumuuk®, }0. U. Cagosas, A. B. Casuukuii, C. A. l'opaees, T. A. Cakan®

YUncmumym ceepxmeepovix mamepuanos umenu B. H. baxyna HAH Ykpauno
2Uncmumym ¢uzuxu evicokux oasnenuti [TAH, ITonvua
3 lTveosckuil nayuonanviwlii ynusepcumem umenu Meana @panko, Ykpauna
4000 Oxo/latimono, I'epmanus
> Uncmumym nepedoswix mexnonoauii obpabomxu, ITonvua

MNCCJIEJOBAHUME NNOBEJAEHUSA GaN B KOHTAKTE C Fe, Fe,.N U Co/Cr
IIPU BBICOKHUX JABJIEHUAX U TEMITIEPATYPAX
B pabome onucanwi ocobennocmu nogedenus numpuoa eannus (GaN), naxooawezocs ¢ Koumaxkme ¢
Fe, FeouN u (Co/Cr)sem 6 ycnosusx evicoxkux oasnenuil (p =6-8 I'lla) u memnepamyp oo 2000 °C. Illodpobro
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oceelwenvl  NO020MOGUMENbHble — OMANbL  IKCNEPUMEHMATLHO20 — UCCIe008AHUs,  BKIIOUAIOWUe
mepmobapuieckoe 2padyupogarue annapama 6biCOK020 OAGIeHUsl MOPOUOATbHO20 MUNA € NOMOWDBIO
MEePMONApuvl ¢ Y4emom pe3yIbmamos no niasleHuro paoa Memaiios, CHid608 U Ux cOeOuHeHutl, maKux Kax
Pt, (M0—C).em, Fe, Fez.aN, (CO/CH)yem, Cu, u Pr. Yemanoeneno, umo GaN pacmeopsiemces ¢ pacnaasax Fe, Feo.
aN u (Co/Cr)sem, npu smom Habaooaemcs 3aKOHOMepHOe YyeeaudeHue maccvl obpasyos. Kax npasuio,
U3MeHenUe MAccyl PUKCUpyemcst npu MemMnepamypax Hudxice memMnepamypul niaeieHus: YUCmo20 Mamepuand
(obpazya), umo yxazvleaem Ha 6O3HUKHOBEHUE NPOYECCOB MENCHAZHO20 KOHMAKIMHO20 NAABNIEHUS HA 2PaHUYe
pazoena GaN-obpaszey. Ilpu gurcuposannom O0asieHuu U U30XPOHHBIX YCAOGUIX IKCNEPUMEHMA CMEneHb
pacmeopenus GaN cunvHo 3agucum om memnepamypsl 0Ji 6Cex paccmMampueaemMvix cucmem. B obracmu
memnepamyp 1800-2000 °C usmenenue maccol 6mopozo komnonenma ¢ konmaxmuwix napax GaN—-Fe, GaN—
FesaN u GaN—(ColCr),em 6cneocmeue pacmeopenus GaN docmuzaem 20-30 macc. %. Ha npumepe cniasa
(Co/Cr)sem Oemoncmpupyemces menoenyusi k ymenvuienuio pacmeopumocmu GaN ¢ nonudicenuem 0aeieHus..
Bui6oowvr omnocumenvno oocmudicenusn pasnogechvix konyenmpayuii Ga u N 6 pacniasax Fe, numpuoa Fe».
sN u cnaasa (COICK)sen OYOym nomyuenvl nocie ucciedo8anuil 3aKAIEHHbIX 00paA3y08 ¢ NPUMEHEHUeM
memooos EDX, XRD, cnexmpockonuu KOMOUHAYUOHHO20 PACCesHUsl U Op.

Knrouegvle cnoea: numpuo eannus, 8viCOKOe 0dGleHUe U BbICOKA MeMnepamypd, KOHMAKMHOoe
njasierue, pacmeopenue 8 pacniasax, dHceneso, Humpuo sxceiesa, cniag Co/Cr
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MOJAEJIIOBAHHA TEIIJIOBOI'O CTAHY AITAPATA BUCOKOI'O TUCKY
IPU JOCJIIKEHHI PO3UMHHOCTI HITPUY TAJIIIO B 3AJII3I

3 uxopucmanHsM KOMN TOMEPHO20 MOOEIOBAHHS OOCTIONCEHO MENI08ULl CIMAH KOMIpKU anapama
BUCOKO20 MUCKY, WO BUKOPUCTNOBYIOMb 011 GUSHAYEHHS POZYUHHOCMT HIMPUOY Tanito y 3anizi. Pesynomamu
PO3PAXYHKI6 npedcmasieHi CMAYiOHAPHUMU MeMNepamypHumMy NoIAMU 8 DISHUX eleMeHmdax anapama.
Ompumano, wo npu memnepamypi ¢ KOHmMpoabHit mouyi komipku ¢ 1800 °C maxcumanvuuil ii nepenad 6
00’ emi docnioxncysanux 3paskie Himpuody eanito i saniza cmanosums 25 °C. 3modenvosana xongicypayis
KOMIpKU I BU3HAYEHI Ol Hei YMOBU HASPIBAHHA € NPUUHAMHUMU Ol eKCHePUMEHMAIbHUX O0O0CHIONCEHb
posuunnocmi GaN 6 konmaxmi i3 Fe 6 ymogax eucokux muckie i memnepamyp.

Knwuogi cnosa: nimpuo rtanilo, anapam 6UCOK020 MUCKY, KOMIPDKA BUCOKO20 MUCKY, MEmoo
CKIHUEHHUX eJleMeHMmIB.

Hitpun ramito — 11e mimpoKOCMyYTOBHIA HAMiBIIPOBIIHUK, 1110 B TENEPIIIHIM Yac Mae 3pocTaroye
TEXHOJIOT1YHE 3acTocyBaHHs. Tak, B 2014 p. 3a BuHaxia ePeKTUBHUX OJAKUTHHUX CBITIIOAIOJIB Ha
ocHoBl GaN, 1m0 NpHBETU A0 MOSABU SICKPaBUX Ta eHeprosdepiraroumx OUIMX JKepes CBITIA,
npucympkeHo HoGeniBebky mpemito 3 (i3uMKU. BUroTOBIIEHHS TakuxX CBITJIONIONIB MOTpedye
HAsSBHOCTI MOHOKpHCTaTIYHUX Miakianok 3 GaN s iX emiTakciaabHOTO HapOIlyBaHHS.

CrtBopeHHs edeKTHBHOTO criocoOy kpuctamizaimii GaN € akTyaJlbHUM MUTaHHSAM, OCKUIbKU
foro (i3uvHi BIACTHBOCTI 3HAYHOIO MIPOI0 BU3HAUAIOTHCS BUHUKHEHHSM pi3HUX nedekTi. Cepen
MeTtoaiB BupoiyBanHs GaN Bigoma rifpuaHa napodazHa emiTakcis, 1o J03BOJISIE KPUCTATI3yBaTH
GaN npu armocdepHomy Tucky Ta Temmnepatypi 1000 °C 31 mBuakictio 6ins 100 Mxm/ron.
HenockoHnamicTio 1bOro MeTOQy € BUCOKA J€()EKTHICTh BHUPOIIEHUX KpPUCTATIB, 110 BHHUKAE
BHACIIIJIOK 3JIMIIKOBOI'O HAMPYKEHO-/1e()OPMOBAHOTO CTaHY SIK B KpUCTaJlaX, TaK 1 B MiJKIAKaX, HA
SIKMX BOHHU 3POCTAOTh.

[nmmM  MetogoMm BHpolryBaHHs KpuctadiB GaN € aMOHOTepMis 3 BUKOPUCTAHHSAM
HaakputuyHoro amiaky (NHs3) sik pozunnnuka Ay GaN npu tucky 0,2—0,3 I'Tla Ta temnepatypi 600—
800 °C. Cepito3HUM HEIOTIKOM IIOTO METOAY € HAA3BUYAHO HH3bKa IMIBHIKICTH pocTy (1-2
MKM/TO]T) Ta BiTHOCHO HHU3bKa YUCTOTA BUPOIIEHUX KPUCTAIIB.

[epuri BucokosikicHi kpuctanu GaN, sKi MOXyTh OyTH BUKOPHUCTaHI JJIs €MiTaKCialbHOTO
HapOIUIYBaHHS Ta BUTOTOBJIEHHS MPOIIECOPHUX MPUCTPOIB, OyIu oTpuMaHi rpu temnepatypi 1500 °C
1 Tcky a3zory 1 I'Tla B razocraruuHiil ycTaHoBIi B IHCTUTYTI (i3uku BUCOKHUX THUCKIB Ilonbebkoi
akajziemii HayK.

HoBuMm mizxo1oM B OTpUMaHHi HITPHULY Taliio € HOro KpucTasizalis i3 6araTokOMIIOHEHTHOT
po3unH-po3miaBHoi cuctemu Fe—Ga—N mpu Bucokux tuckax (~ 6 I'Tla) i remneparypax (~ 1800 °C).

OcHOBHOIO TIPOOJIEMOIO TPH Po3podIl KOMIpKH [0 amapaty Bucokoro Tucky (ABT) e
325
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