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CONSECUTIVE SOLID-PHASE hBN(1)-»>cBN—>hBN(2) TRANSFORMATIONS AT 7
GPa UNDER EXTREMELY HIGH TEMPERATURE GRADIENTS

A new technical solution for the high-pressure cell (HPC) design has been developed applying to
toroidal type apparatus (HPA-T30). The assembly of the cells enables to create a significant radially directed
temperature gradient (VT) of around 250 <T/mm within the reaction volume of the apparatus. The proposed
procedure makes it possible to record temperature dependent structural changes and solid-state
transformations of compounds within a single sample volume. The capabilities of the method was
demonstrated by the example of the thermobaric behavior of graphite-like boron nitride (hBN) at a pressure
of 7 GPa in a wide temperature range up to ~3000 <C. The evolution of the solid-phase transformations of
primary hBN(1) followed the hBN(1) »cBN—hBN(2) sequence, i.e. included the reconversion stage of cubic
cBN into secondary hBN(2) at temperatures above 2680 °C. The structural features of the final phase indicate
the formation of a polycrystalline structure of hBN(2) at the stages of recrystallisation annealing (grain growth
process) under high temperature thermobaric treatment.

Key words: boron nitride, high pressure, temperature gradient, solid-phase transformations,
reconversion, crystal structure

Introduction

Temperature homogeneity within the reaction volumes of a high pressure cell (HPC) is usually
a desirable factor in thermobaric experiments because the knowledge of thermodynamic conditions
is critical to understanding the physic-chemical nature of the processes occurring under HPHT
treatments. The optimized design of the HPC important both for performing fundamental physical
research and for technological development [1-3]. A certain disadvantage of gradientless HPC is their
restricted practical application in thermobaric experiments at extremely high temperatures above the
level of 2200-2300 °C. High temperature exposure is particularly critical for the sealing gasket area
as it can significantly increase the risk of depressurisation of the HPC volume [2].
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Thermobaric steady-state conditions with the temperature gradient (VT) in the reaction zone
of the HPC are usually used purposefully in special cases, for example in technologies of diamond
growing on the seed crystals [4]. Diffusion and convection fluxes that affect the rate of carbon transfer
to the seed from the supersaturated metal melt solution are caused by the vertical VT in the growth
volume of the cell. The seed crystals are placed in a relatively "cold" zone of the temperature field
and temperature gradient is usually varied within 2-20 °C/mm.

In this work a radially directed VT in the reaction volume of the toroidal type apparatus (HPA-
T30) was generated using not ordinary HPC assemble design. The possibility to reach much higher
VT at least an order of magnitude was investigated. As for the new functional possibilities, the
proposed method will allow to record structural changes and solid-phase transformations of
compounds as a function of temperature in a volume of a single sample obtained in one experiment
only.

Performing the experiment

The required thermobaric conditions were achieved in special high-pressure cells adapted to
the HPA-T30 toroidal apparatus. The apparatus was used on the standard DO-044 press equipment.
The experimental facilities and methods of the Lukasiewicz Research Network — Krakow Institute of
Technology (Krakow, Poland) have been used. More detailed descriptions of a number of the aspects
related to thermobaric experiments using HPA-T30 (and -T20) apparatus are available in our articles
[2, 3]. The 7 GPa pressure in a cell with standard type of assembly is achieved at compression of the
HPA-T30 by nominal force of 1750420 ton (Fig. 1, a).

Fig. 1. HPC assembly for p,T-experiments using the HPA-T30 in the standard version (a) and in the
configuration with high T-gradient (b): 1 — container of cloudy marble (CaCOz mineral raw material,
Turkey, Finike); 2 — sleeve made of hot-pressed hexagonal graphite-like boron nitride (hBN); 3 —
sample; 4 — graphite heating system (isotropic fine-grained graphite of MG-1 grade or isostatically
pressed graphite of SIGRAFINE®R8710 grade with bulk density d = 1.88 g/cm?®) ; 4* — axial rod-
heater made of graphite; 5 — heat-insulating insert made of pyrophyllite (mineral rock from the
deposits of the Slovechne-Ovruch ridge, Ukraine); 6 — pressed disk-heater made of low-ash natural
graphite in a mixture with 40 vol. % ZrO;

In this work, extremely high temperatures were achieved in a relatively small volume of the
sample, localized around an axial graphite rod-heater (4*) (Fig. 1, b). Previous experience on pressure
calibration of the apparatus was used in the work. Above HPC assembly provides a substantially
homogeneous temperature field in the sample volume. However, as already mentioned, the stability
of such cell is usually limited to the temperature range of 2200-2300 °C.

The rod diameter was 2 mm with a length of 8.8 mm, which takes into account the depth of
the contact zones. The outer diameter and thickness of the sample (3) were 14 and 4.8 mm,
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respectively. A hole with a diameter of 2 mm was made along the sample axis for rod-heater (4*)
placing. The temperature field in the sample under stationary conditions of thermobaric action
becomes significantly heterogeneous for such HPC assemble. In particular, in the central plane of the
cell, the temperature gradient is most significant and is radially directed to its axis. It is worth noting
that in this situation the critical area of sealing gasket is not exposed by high temperatures, which has
a positive effect on the stability of HPA-T30 operation.

Undoubtedly, a certain evolution of the structural changes in the sample occurs already at the
stage of temperature rise. Under quasi-stationary thermal conditions, with a relatively stable
temperature distribution in the cell volume, structural changes and phase transformations in the
sample are controlled by thermodynamic conditions and the kinetics of the corresponding processes.
The space pattern of temperature-dependent evolutionary changes in any material can be recorded
within a single sample after rapid quenching. In this work, to demonstrate this aspect of the proposed
research method, a hexagonal modification of graphite-like boron nitride (hBN) was used as a initial
material, whose behaviour under isothermal HPHT treatment (gradientless variant of the HPC) was
studied in detail earlier, for example [5-9].

During the experiment, the sample was gradually heated by uniform magnification of the
electric current power in the heater to 6 kW at a rate of 100 W/s. The exposure time at maximum
electrical parameters was 30 s. After that, the current power was rapidly reduced to zero for 5 s
(sample quenching stage).

The structural state of the obtained samples was studied by optical and electron microscopy
(Zeiss Ultra Plus electron microscopy) combined with energy dispersive spectroscopy (EDS) and X-
ray analysis (Panalytical diffractometer X' PetrPRO X-ray diffraction system).

Results and discussion

Initial hBN. The external morphology of the initial (or primary hBN(1)) powder particles is
characterised by a flake-round shape (thin plate habitus). Along the base plane the size of hBN(1)
flakes reached 10 um (Fig. 2, a).

Element

]'Ene'rg};, k'eV'

a b
Fig. 2. Initial hBN(1) powder: a — external morphology and particles habit (SEM image); b -
emission spectrum and chemical composition of the sample according to EDS data (inset)

According to the X-ray energy dispersive spectral analysis results, it was found that the
powder contains oxygen impurities up to 2 wt % (Fig. 2b). The most likely explanation for the oxygen
presence is the adsorbed molecular oxygen (O2) on the powder surface. In addition, it is also possible
that the initial powder contains a small amount of B2Os too. The analysis of the profiles of 112 and
110 reflection lines on the X-ray diffraction pattern of hBN(1) was performed following the
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approaches [9, 10]. The result obtained indicates a high level of 3D-ordering of the initial graphite-
like structure with the turbostratic defects concentration in hexagons layers packing about y~10 %.

As mentioned above, the results of fundamental studies on the mechanisms of solid-phase
hBN—cBN transformation have been discussed in various aspects in numerous publications, in
particular [5-9]. At pressures of 7-10 GPa in the temperature region of weak diffusion, an alternative
metastable behavior occurs during the phase transition. This process dominates in a 3D-ordered
structure like hBN(1) one. As a result, an intermediate wurtzite boron nitride (WBN) is formed by
cooperative shear deformation mechanisms. At increasing temperature, a metastable wBN
progressively transforms into stable cBN due to layer-by-layer rearrangement of two-layer
aa’bb’aa’bb’ wurtzite alternation into three-layer aa’bb’cc’aa’bb’cc’ sphalerite-like packing of the
dense-packing hexagonal layers in boron and nitrogen sublattices.

At pressures of 7-8 GPa the rate of solid phase transformation of crystalline hBN into w-cBN
becomes significant at temperatures starting from about 1500 <C. This transformation leads to the
appearance of noticeable amounts of dense phases in the sample within a mere 30 to 40 seconds of
thermobaric exposure [9, 11]. This temperature threshold is considered to be the low-temperature
limit of the kinetic transformation region, which extends to the cBN<«>hBN equilibrium temperature.

Behavior of hBN(1) in the VT field at a pressure of 7 GPa. Consecutive evolutionary structural
changes and phase transformations in hBN(1) can be clearly seen in VT direction on longitudinal
fracture surface of the sample (Fig. 3).

2 mm

Fig. 3. The sequence of solid-phase transformations in the initial hBN(1) under high pressure~7 GPa
in the presence of a significant temperature gradient in the sample (axial longitudinal fracture of the
sample): Ts — isotherm of starting conversion sintering resulting in stable cBN phase formation; T
— the isotherm that conditionally corresponds to 50 % conversion of hBN(1) —»cBN; Tr — the isotherm
at which the conversion to cBN is finished; Teq — the isotherm of cBN—hBN(2) reconversion which
practically coincides with the temperature of cBN«»hBN equilibrium due to the impossibility of any
overheating of the system at extremely high temperatures; T. — the temperature in the center of the
HPC (intersection point of the axis and radius)

The Ts—Ts temperature interval. The evidence of the beginning of formation of dense BN
phases is the presence of size effects. Their presence is associated with a significant difference in the
molar volumes of the initial and final phases. The conversion from hBN to cBN results in a negative
volume effect, with a relative value of 34.7%. As can be seen from Fig. 3, the Ts isotherm corresponds
to the beginning of the sample profile narrowing in height. It is undoubtedly associated with volume
effect of the BN(1)—>w,cBN transformations. In general, this isotherm corresponds to the low-
temperature Kinetic limit of the conversion region at 7 GPa (Ts ~ 1500 °C [9, 11]). The region extends
to the equilibrium temperature cBN<«>hBN.
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Stabilization of the profile occurs along the Tt isotherm where the conversion of the graphite-
like structure BN to cubic one is fully completed. The intermediate isotherm Tm in Fig. 3 is
conventionally shown as a profile with a 50 % degree of transformation. The evolutionary phase
changes in the sample between the isotherms Ts and Tr can be represented by the sequence
hBN(1)—h,w,cBN—cBN along the VT direction. The monophasic state of the polycrystalline cBN
material is achieved at rather high temperatures near of 2200-2300 °C [12]. It should be noted that Tt
is practically independent of pressure according to the results of in situ experiments performed up to
20 GPa [13].

The T+Teq temperature interval. Unstable quasi-crystalline structure of the final phase and
primary recrystallisation processes already occur at this stage of structural evolution. The formation
of the quasi-crystalline structure is often thought to appear at incomplete hBN—cBN transformation
[12]. The driving force of the process is determined by the joint action of external loading and phase
slander. A more stable submicrocrystalline structure occurs after completion of transformation at T =
2200-2300 °C. At increasing temperature, especially above 2400 °C, at first fine-grained and then
coarse-grained cBN structures form due to normal grain growth process. The perfect boundaries of
recrystallization origin and low dislocation density in the grains are a feature of substructure formed.
The grain size in polycrystalline samples reaches tens of microns at finish stages of evolutionary
structural changes [12].

At a pressure of 7 GPa the thermodynamic stability of cBN is bounded by a temperature of
2680 °C, which was found basing on a linear extrapolation of the known relationship p(GPa) = T(<C)
/ 400 + 0.3 for the cBN<«>hBN equilibrium obtained by O. Fukunaga, S. Nakano, and T. Taniguchi
in 2022 [14].

Taking into account the distance (AX) and the temperature difference between the isotherms
Tsand Teq , the temperature dependence along the radius towards the center of the HPC was found in
the linear approximation as T(°C) = 1500 + 256.5- X(mm) (Fig. 3). Accordingly, we have VT = 256
°C/mm and T = 2270° C, the latter being consistent with [12]. Additionally, at the same
approximation under quasi-stationary mode of thermobaric treatment the temperature at HPC center
(the center of the heater rod) is T. = 3330° C.

The temperature

e 1 e I 112 higher Teq. The secondary
' hBN formation stage as a

result of the cBN—hBN(2)
.‘ reconversion begins at the
[ , | j moment of crossing the
I | 104] | equilibrium temperature
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| | wx , Fig. 4, a). Overheating o
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o & o 26, degree impossible due to the high
b diffusive mobility of atoms

Fig. 4. Secondary hBN (white material) formed during the at extremely high
cBN—hBN(2) reconversion: a—a part of the sample separated along  temperatures (T> 2680 °C).
the Teq isotherm (Fig. 3); b —the X-ray diffraction pattern of the white It is known that
material corresponds to the spectrum exclusively of hBN with ¢cBN—hBN(2) reconversion
asymmetric 002 reflection profile (see inset) can also include an
alternative metastable

behavior with the rhombohedral graphite-like structure (rBN) formation (especially in the case of a
perfect initial structure) [7]. However, under conditions of significant thermal activation, the system
rapidly moves directly to the stable state bypassing any ways of metastable behavior. That is why the
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cBN-hBN(2) interphase boundary is not spatially fuzzy and corresponds to the cBN<«>hBN
equilibrium temperature. The absence of metastable rBN in the obtained sample is confirmed by the
results of X-ray examination (Fig. 4).

An important feature of the secondary hBN(2) obtained is the crystallinity of its structure
formed under conditions of high-temperature collective recrystallization. A fracture surface of the
sample looks coarse-grained with sparkling reflections from the individual grain surface. The grain
size reaches 50-80 um, according to optical microscope studies. Note that the particle size in the
original hBN(1) is smaller an order of magnitude (Fig. 2, a).

A close examination of the X-ray diffraction pattern of hBN(2) reveals a "bump" in the
reflection profile of plane 002 from the side of small 20 angles (Fig. 4, b, inset). Obviously, the
asymmetry arises due to the presence of areas of graphite-like structure with increased interlayer
distance. Turbostratic defects are unlikely to be responsible for profile broadening since they are
expected to disappear due to high-temperature annealing. The version of intercalation of impurities
into the layered structure of hBN due to contamination of the HPC reaction volume seems more
realistic. The ability of graphite to form intercalation compounds with increased interlayer distance
is well known, for example [15]. This may indicate that graphite-like hBN has similar properties.

Further evidence that sample contamination may be real is the presence of impurities in the
axial heater in the form of rounded inclusions of crystallized melt, sometimes quite large (Fig. 5, a).

cps/eV

Fig. 5. Internal structure and impurity composition of the axial rod-heater (4*, Fig. 1, b): a —
rounded re-melted inclusion in the central zone (indicated by an arrow); b - EDS emission spectrum
from the material of inclusion

Chemical composition of the inclusions in an axial graphite rod-heater according to EDS data

Element Atomic Element composition, % Definition error (15 ), %
number Weight Atomic Absolute Relative
Silicon 4 2.17 1.49 0.13 5.81
Carbon 6 13.85 22.29 2.08 15.02
Oxygen 8 52.68 63.64 6.76 12.83
Calcium 20 26.09 12.58 0.82 3.14
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The mineral composition of inclusions has been not determined. According to the EDS data,
they contain such elements as Si, C, O and Ca included probably with carbides, oxides, and
carbooxides (Fig. 5, b, Table).

The graphite in the heater has a large-block radial-columnar recrystallized structure. Most
likely, the inclusion is formed during the crystallization of a complex carbon-saturated melt, as
evidenced by the smooth rounded surface and the absence of any signs of graphite wetting. Obviously,
under the high-temperature barothermic treatment conditions the infiltration of the liquid phase
(melted inclusion) into the sample structure is possible. Indeed, in the contact zone of the white
hBN(2) sample with the heater a rather wide area of contaminated material was observed, which
differed from the white part by its black color.

By various estimates, melting of boron nitride at high pressures (7—9 GPa) occurs at
temperatures of approximately 3400 °C [16, 17]. Self-diffusion activity in deformed polycrystalline
structures is most pronounced at about ~2400 °C [12]. According to our observations and evaluations
at a pressure of 7 GPa, recrystallisation annealing occurs in stable phases: cBN — in the range T =
2400-2680 °C, and hBN — at T>2680 °C after cBN—>hBN(2) reconversion.

Conclusions

Using of proposed HPC design to generate extremely high temperature gradients in reaction
zone of HPA-T30 apparatus we can expedite the obtaining of primary data about thermobaric
behaviour of various materials chemically inert to graphite. This is particularly important for high
temperature compounds. Cells of this type can be used for fixing of structural changes (including
solid-state transformations) up to ~3000 °C temperatures. The proposed methodology does not claim
to be highly accurate in the data obtained. However, its use allows us to minimise the number of
labour-intensive experiments carried out under HPHT treatments. In addition, it contributes to a more
qualified strategic planning of scientific investigations concerning the study of the behavior of solid
compounds under isothermal conditions at high pressures. Certain improvements in the design of the
HPC are needed in the future, mainly to prevent contamination of the reaction zone under ultrahigh
temperatures. The results of this work indicate the need to use special high-purity graphite materials
in HPC heater structural elements.

The possibilities of the above "T-gradient method" in HPHT treatment have been
demonstrated by investigation of hexagonal graphite-like BN behavior. In particular, at temperatures
above ~2700 °C, even under short-term p,T-action, the structure of secondary hBN undergoes
noticeable recrystallization after the stage of cBN—hBN(2) reconversion. It is assumed that
accelerating hBN(2) grain growth through collective recrystallization will allow for the formation of
large-sized hBN crystal aggregates. Obtaining large, defect-free crystals is essential for their
application in microelectronic devices. Obviously, the main factors for further research are the
optimization of the p,T-conditions and the adaptive increase in the duration of the grain growth
process in polycrystalline hBN structure.
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MNOCJIAOBHI TBEPAO®A3HI NEPETBOPEHHS hBN(1)->cBN—>hBN(2) 1P 7 I'lla B
YMOBAX EKCTPEMAJIBHO BUCOKUX TEMIIEPATYPHUX I'PAJIIEHTIB

3 guxopucmaHnusimM HOBUX OUBAUHEPCHLKUX PIUEHb NPU CKIAOAHHT KOMIPOK GUCOKO20 MUCKY anapamis
mopoidanvroco muny (ABTT-30) oocriodcena modxicaugicms CmeoOpeHHs 3HAUHO20 PadiaibHO CHPAMOBAHO20
epadienma VT 0o ~250 C/mm 6 peaxyitinomy 06’ emi Komipku. 3 mouku 30py Memooonoeii mepmooapuyHo2o
eKkcnepumenmy Oanuil nioxio 003601s€ Qikcyeamu CMpPYKMYpHI 3MIHU ma meepoo@asHi nepemeopeHHs
CRONYK 6 3ANE)HCHOCHI GI0 MmeMnepamypu 6 mexcax 06’ emy auue 00no2o 3paska. Moocausocmi memoouxu
NPOOEMOHCMPOBAHI HA NPUKAADT MepMobapudHoi noedinKu pagimonodiobnozo Himpudy 6opy npu mucky 7
I'lla 6 wupokomy Oianazoni memnepamyp, wo cazaioms piens ~3000 °C. Esonroyia meepdoghasnux
nepemesopens nepsunno2o hBN(1) éio6yeanace 3a nocrioosnicmio hBN(1) »CBN—>hBN(2), mobmo exaouana
eman pexongepcii kyoiunozo cBN y emopunnuii hBN(2) npu memnepamypax suwge 2680 °C. CmpyxmypHi
ocobnusocmi Kinyesoi asu ceiouams npo opmysantsa noaikpucmaniunoi cmpykmypi hBN(2) na emanax

Knrouoei cnosa: nimpuo 6opy, 6ucokuil muck, epadicum memnepamypu, meepoo@asHi
nepemeopenHtsl, PeKOHEePCisl, KPUCMANIYHA CMPYKMYpa
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PO3PAXYHKH TEMIIEPATYPHHX ITIOJIIB Y OCEPEJKY POBOYOI KOMIPKH
AITAPATIB BUCOKOI'O TUCKY THUILY «TOPOLI» TA «K3» IIPU OJEPKAHHI
OJHOLIAPOBUX HAJATBEPAUX KOMITO3UTIB CUCTEMM cBN-AI-TiC (TiN)

Bucesimneno pesynomamu po3paxynxie memnepamypHux nouié 6 pobouitl KoMipyi anapamy 6ucoxko2o
MUCKY MemMOOOM KOMN t1omepHo20 Modeniosants. Tlokazano, ax 3MIHIOEMbCA meMnepamypHe nojie, nomoKu
menia ma memnepamypHi 2padieumu 8 3a1eHCHOCHI 8I0 YMO8 CHIKAHHA Ma CKAA0Y WUXMUL.

Kntwouosi cnosa: anapam e6ucoxkozo mucky, KOMIDKA GUCOKO20 MUCKY, memnepamyphe noie,
memnepamypHi epadicHmu, KyOiuHuLl Himpuo 60py, amoMiHild, HIMPUO MUMAaHY, KapOi0 Mumary.

Beryn

[TomikpucTaniuai HaATBEpAl MaTepiaii Ha OCHOBI cdaneputHoro Hitpuay O6opy (PCBN
MaTepiajii) MIHUPOKO BIJIOMI SIK IHCTPYMEHTaJbHI MaTepiaau s oOpoOku netaneil pizanHsam [1].
BuroroBneHHs Takux MaTepialiiB 3a3BUYail BiIOyBa€ThCs 13 3aTyYEHHSIM TEXHIKM BUCOKOTO THCKY
(ABT — anapatu BHCOKOTO THUCKY) [2].

HonaBanus enextponpoBifHux ¢a3z TiC ta TiN y cTpyKTypy MOJIKPUCTANIIB J03BOJISE
OTpUMYBaTH eNeKTporpoBiaHi pizansHi PCBN wmartepianu, ski MoXHa 0OpoOIsATH METOAOM
enekTpoickpoBoi 00poOku (EIO). Ile 3MeHIIye €KOHOMIYHI BUTpATH IMOPIBHSIHO 3 OOpPOOKOIO
aJIMa3HUM 1HCTpyMEHTOM [3].

Y pobGoti [4] s AocATHEHHS HEOOXiTHUX (I3UKO-MEXaHIYHUX BJIACTUBOCTEH B
0araToakTOpHOMY €KCHEPUMEHTI OyJI0 TOCHIIKEHO BIUIMB CKiady muxtu cucremu cBN-AI-TiC
(TiN) 1 qucnepcHOCTI KOMIIOHEHTIB IIMXTH Ha TBEPIICTH 1 enekTponpoBiaHicTs PCBN koMo3uTis,
CIIEYEHMX 3a BUCOKOTO THCKY B cTaneBux ABT tumy «xoBamno 3 3arnubneHHsm». byno BusBieHo,
o reomerpiss poboyoro 06’emy ABT Ta cxema 300pkM HE3HAUHO BIUIMBAIOTh Ha EJIEKTPOOIIIP
KOMMO3UTIB. OJTHAaK SIKICTh TUIACTHH 3HAYHOIO MipOIO 3aJISKUTh BiJl OJHOPIIHOCTI TEMIIEPAaTypHHUX
noJiiB 'y poboyomy o0’emi komipku BHucokoro THcKy (KBT) mig uac cmikanusa. OmHOpiIHICTH
TEeMIIepaTypHUX MOJIB y poOoyoMy 00'eMi OCATAETHCS 3a JIOTIOMOIOI0 KOpPETyBaHHS MaTepiany i
reoMeTpii getajieil KOMipoK BUCOKOTO THCKY, ITapaMeTpiB HarpiBy, BIACTUBOCTEH poOOUYOT MIMXTH.
BaxnBo 3a6e31meunTy B ocepeiky poo0doro npocTopy yMOBH HU3bKOTPAJIEHTHOTO TEIIOBOTO MOJIS
IUIS O/1ep KaHHS OAHOPIAHOCTI CTPYKTYpH Ta BiaactuBoctedt PCBN kommo3uTis.
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