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COMPUTER MODELLING OF A VERY HEAT RESISTANT HfsC;N;
FOR COVER OF HYPERSONIC FLIGHT VEHICLES

Abstract. The creation of a very heat resistant cover for returnable orbiters and for hypersonic flying aircrafts is an
actual problem in modern science and technics. Therefore, computer modelling and investigations molecular structure of
various multicomponent compounds are important tasks. In the paper, based on the computer model the molecular structure
and a very heat resistant of carbonitride hafnium Hf,C;N, have been investigated by using of the semiempirical quantum
mechanical method PM3. Some mechanical, electrical, optical and thermodynamic parameters of this material have been
researched. Debye temperature and melting temperature have been calculated. The found theoretical value of melting
temperature of carbonitride hafnium HfyC;N, is approximated to obtained experimental results. The block diagram of
carried out investigations has been presented. The results of investigations indicate that these materials can be applied as a
very heat resistant cover for hypersonic flight vehicles and returnable orbiter.

Keywords: very heat resistant cover; molecular structure; carbonitride hafnium; melting temperature; quantum

mechanical method.

Introduction

It is known, that a growth of airspace industry
imposes strict technical demands to flight vehicles: they
must to possess a high-speed quality, abrasion-proof and
oxidation-resistant, pass a high temperature test and
withstand temperature up to 4000K when penetration of
atmosphere and can be used many times. During
penetration of atmosphere the temperature on the
surface of aircraft’s wings can be reach up to 2000°C
and on the end of parts of wings can be reach up to
4000°C and higher. Therefore, when creation such flight
vehicles it should be to solve problems to make very
heat resistant materials possessing high strength
properties. Possessing the melting temperature higher
4000°C such materials can be used in forebodes of
aircrafts, in jet engines, in end parts of wings of aircrafts
and space vehicles.

At present, in many counties there have been
carried out intensive experimental and theoretical
investigations solid compounds based on niobium,
tantalum and carbonitride hafnium [1,2]. In particular,
the much progress had been reached for the triple
system of (HfC\N,). In accordance with recent
publication [2], the scientists could obtain the
HfCy 5Ny ;5 compound. This compound is a very closed
to theoretical calculated one and has a melting
temperature of ~4200°C and hardness of 21,3 GPa.

The goal of this paper is a construction of the
computer model of molecular structure of carbonitride
hafnium Hf,C;N, and by applied semiempirical method
PM3 (Parametrical Model 3) to calculate the values of
some mechanical, optical and thermodynamic
parameters of this material.

The algorithm of carbonitride hafnium research

Let us consider the algorithm of research of the
properties of carbonitride hafnium HfsC;N,. In the first
stage, by using the free evaluate version HyperChem
Professional v7.5 program the computer model of
molecular structure of the carbonitride hafnium

HfCysNyss triple compound is constructed. The
chemical structure of the material having HfC,y 5Ny 3s
composition is expressed formula of HfsC;N,.

In the second stage, as result of construction of
computer model of the carbonitride hafnium HfsC;N,
the Cartesian coordinates of each atom are determined
(see table 1). Then, based on Cartesian coordinates of
the carbonitride hafhium Hf¢C;N, by using of quantum
mechanical method PM3 the energy parameters of this
material are determined.

In the next stage, some mechanical and
thermodynamic  parameters  including  melting
temperature of carbonitride hafhium are calculated. At
last, the criterion of 7,, > 4000K is checked. If this
criterion is not satisfied then the composition (chemical
formula) of carbonitride hafnium is corrected and then
calculation process is started again.

Table 1 — Cartesian coordinates of carbonitride

hafnium HfgC3N,.
Cartesian coordinates, in angstroms, A
Atom
X y z
Hf 0.91582 -1.19132 0.88673
Hf -1.28284 0.50067 1.03908
Hf -0.94183 -1.13788 -1.17881
Hf 1.24649 1.87595 -3.06892
Hf 3.10415 1.82251 -1.00338
Hf 0.90548 3.51450 -0.85102
N 2.72778 3.74814 -2.48388
N -1.41203 -1.95333 1.09177
C 0.37996 0.60694 -1.48097
C 0.19250 1.50771 -0.26172
C 1.40118 0.57756 -0.34548

Molecular structure model
of Hf6C3N2. Calculation methodology

Fig. 1 shows calculated visual model of
carbonitride hafnium Hf;C;N, having similar chemical
structure as theoretical calculated HfCy 5N 3s.
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Fig. 1. Visual model of carbonitride
hafnium Hf,C;N,.

Based on the quantum mechanical method PM3,
the properties of carbonitride hafnium with chemical
structure Hf¢C;N, were investigated. The state of an
electron in a molecule is described by a one-electron
wave function termed molecular orbital [3]. These
functions are multicentered.

Thus, their description includes the electron
distances from atomic nuclei. There are various options
to find molecular orbitals. One of them, the method of
finding molecular orbital wave function U, as a linear
combination of atomic orbitals y, of the atoms
composing the molecule:

n

Uizchi'Xq . (1)

g=1

Here: c,; are the coefficients, y, are atomic orbitals
chosen as basic functions, n is a number of orbitals. In
this study, the Gaussian functions were used as atomic
orbitals [3]:

— — }’2
Lot (1 7>0,0) = P17y, (8,9) %

x\/(zzn (n=DY(2n-1)!) (20" x.

Here: u is a parameter of variation, r, 6, @ are
spherical coordinates of electron, Y;,(6, ¢) are complex
spherical functions, m is a number of atom orbitals
chosen as a basic functions, c,; are values of unknown
coefficients which are determined by solving of the
below equations of molecular orbitals

Zq(Hpq_giSpq)cqi =0 3)

)

or
(H]] —SSH)C] +...+(H1m —Sslm)cm =0,
(Hz] —8S21)Cl +...+(H2m —8S2m)cm = 0,
(Hm] —SSm] )C] +...+(Hmm —SSmm)cm = 0

Here: H,, are the matrix elements of Hamiltonian
for an electron moving in a certain effective field of the
molecule irrespective of other electrons, they are

calculated in the Wolfsberg-Helmholtz approximation
[3], S, are overlapping integrals of atomic orbitals yp
and yxg, they are calculated based on the Gaussian
functions.

(3) equations are linear homogeneous equations
concerning c,;. In order that these equations have non-
zero solutions, based on the coefficients of unknown
quantities the constructed determinant must equal 0.
That is,

Hy —€8y Hjp—&Syy...Hy, — €5y,
Hyy —eSy Hyp =Sy Hopm —€Som | _ 0
Hml _SSml Hm2 _SSmZ"'Hmm _gsmm

When this determinant is opened then m degree of
equation has been obtained relatively € quantity:

-1

" +ae" T +ae™  +.+ay=0. 4)

In (4) ay, a;, etc. quantities are determined by using
S,q and H,, matrix elements. By solving (4) equation, m
number g, &,...,§, roots are obtained. These roots are
molecule orbital energies.

By including each g, in (3) equations’ system,
unknown c,; coefficients are determined. By using &, root
determined the coefficients define I-st molecular orbital,
by using &, root determined the coefficients define II-nd
molecular orbital, etc.

Calculation of energy, mechanic
and thermodynamic parameters

For each object, electrons are adjusted by two on
energy levels starting from lowest level.

Enomo and g yyo have been determined as top-most
molecular orbit’s energy and lowest empty molecular
orbit’s energy, respectively, trapped by electrons.

Ionization potential /,= -g, 0 has been calculated
by using band gap E, = g.umo - €womo and strength
n=E, / 2.

The wavelength of radiated photon of this material
is calculated by formula

n=(cn/(1,6-Eg ))-10% .

Here: / is Planck constant; c is the speed of light in
vacuum. When A is calculated then the values of E, in
eV are used. It is considered that when 1 < 1 eV the
material is soft and when 1> 1 eV one is solid.

The stability of material is calculated by next
formula

AE=E-) E,.

Here: E is the total energy of the system, £ is total
energy of 4 atom in the system and AE is a parameter
characterizing the stability of system. It is considered
that when AE > 0 the material is unstable and when
AE < 0 one is stable.

Table 1 shows calculated energy parameters of
carbonitride  hafnium Hf¢C;N, based on the
semiempirical quantum mechanical method PM3.
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Table 1 — Energy parameters of carbonitride hafnium Hf(C;N,

Total Stability Ionization Band Strength Wave length of
SHogo, gLUI/\//I(), energy, parameter potential, gn (efi?)p ’ parameter emitted photon,
¢ € E (amu.) AE (amu.) 1, (eV) & 1 (eV) A (nm)
-6,89 -2,30 -48,42 -4,48 6,89 4,59 2,30 271
Based on these calculated parameters, some
properties of carbonitride hafhium Hf,C;N, can be k=Y-S/D, o=Y-r/D, G= Y/ 1+V) )
analyzed. o . K= Y/ 3 1_2\;)), HN=G-4-¢ BT,
If binding energy E, of carbonitride hafnium
HfsC3N,, cross-section area S and inter atoms bonding r Here: v is the Poisson ratio, 4 = 0.83699, B =

are known the Young modulus can be calculated:

Y=F/S=E,/(r-S), F~Eylr (4)

If the Young modulus is known, then a rigidity
parameter k£, a modulus of deformation o, a shear
modulus G, a bulk elasticity modulus K, and a hardness
modulus HN [3] can be calculated [3]:

=2.204-10" K, T=300 K. Based on data presented in
tables 1 and 2, some mechanical parameters of
carbonitride hafnium HfsC;N, have been calculated
(table 3). The calculation of Debye temperature is
important stage because if the values of mechanical
parameters and Debye temperature are known then the
melting temperature of material can be determined.

Table 2 — Some data of sample of carbonitride hafnium Hf;C;N,

The sample size, Inter atoms Cross-section area, binding energy, Material breaking Poisson
p < g gy
D (nm) bonding, » (nm) S (m’) E), (amu) force, F'(N) ratio
0.79 0.22 510" 3.37 6.546-107 0.348
Table 3 — Calculated mechanical parameters of carbonitride hafnium Hf,C;N,
Rigidity Modulus of Shear modulus, Bulk elasticity Young modulus, Hardness
parameter, N/m deformation, (GPa) (GPa) modulus, (GPa) (GPa) modulus, (GPa)
82.651415 37.63 49.3 145.3 132.9 21.3
Let us use below formula for calculation of
Debye temperature [5]:
1/3
0p =L. 3_11 M | (6) molecilar
kg |4n\ M Hyper Chem % structure }=‘;
data
Here: % is the Planck constant, kz is the Boltzmann
constant, n is a number of atoms, p is a mass density, M
is a molar mass, V,, is an average velocity of sound in virtual model Cartesian
. . . data coordinates
given material. An average velocity of sound can be
determined from formula [6]: 0
-1/3
_ 3 3 mechanical energy
Vi = |:(2/Vl +1/Vl )/3:| Q) parameters parameters
Here: V; and V; are transverse and longitudinal velocities “
of elastic wave in the material, respectively: -
thermodynamic
o=, 1= OKT4G)B0).  ® parameters > 4000

If the Debye temperature is known then a temperature
of melting is determined by below formula [6]:

= 2mMCa 0k [h? 9)

Here: C = 0.050 is the constant found from experiment
[2]. By using of (6)-(9) the Debye temperature and
melting temperature are calculated for carbonitride
hafnium Hf,C;N,, respectively: 6, = 304K u T, =
= 4414K (4141°C).

Fig. 2 shows the block diagram of the above-
described algorithm of computer modelling and
investigation of properties of the carbonitride hafnium
HfsC3N,. More detailed this algorithm is described in
above part.

Fig. 2. The block diagram of the investigation algorithm of
carbonitride hafnium Hf;C;N,.

Conclusion

By wusing of the semiempirical quantum
mechanical method PM3 the electronic structure of
carbonitride hafnium Hf¢C;N, have been investigated.
Based on the constructed visual computer model, orbital
energy, ionization potential, total energy of electrons,
also, some mechanical, electrical, optical and
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thermodynamic parameters have been calculated. cover for hypersonic flight vehicles and returnable
Obtained results shows that given material is stable and  orbiter. The found theoretical value of melting
possess super high melting temperature 7,, = 4141°C.  temperature of carbonitride hafhium HfsC;N, is
This material can be applied for very heat resistant approximated to obtained experimental results.
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Komn'iotepne moaenoBanns nonamkapominnux Biaacrusocreii Hf¢C;N,
JJIs1 3aXHCHUX NMOKPHTTIB Tilep3ByKOBHX JITAJILHUX anapariB

A. A. Baiipamos, A. I'. I'acanos

AnoTanisi. CTBOpPeHHs MOHA/LKAPOMIIIHUX MOKPHUTTIB I KOCMIUYHUX KOpaOllB, sIKi OBEPHYThCS Ha 3€MIIIO, 3 TAKOXK
JUISL JITalbHUX alaparis, IO PyXarTbCsi B aTMocdepi 3 rinep3ByKOBUMHU IIBUAKOCTSAMH, € aKTYaJIbHOK IPOOJIEMOI0 CydacHOI
HayKH 1 TeXHiku. ToMy Juls CTBOPEHHS TaKMX MaTepiajiB BaXKIMBUM 3aBJAHHAM € JOCTI/PKCHHS I KOMI'IOTEPHE MOJIEIIOBAHHS
MOJIEKYJISIPHOI CTPYKTYpPH Pi3HUX 0araTOKOMIIOHEHTHUX CIIONYK. Y JaHiil cTaTTi, Ha OCHOBI MOOYJOBaHOI KOMII'TOTEPHOI MOJIei
MOJIEKYJIIPHOI CTPYKTYpH Matepiaiy KapOoHiTpury radHito 3 ximiuHoro gopmynoro HfsCsN,, 3acTocyBaBiy HamiBeMIipHIHUIA
KBaHTOBOMeXaHIuHMiI Meron PM3, oOuucneHuii psn 3HaYeHb MEXaHIYHUX, €JIEKTPUYHMX, ONTHYHHMX 1 TEPMOIMHAMIYHMX
nmapameTpiB mporo matepianmy. OGuucneni Temmepatypa [lebas i Temmneparypa IUIaBIE€HHs Marepiany. 3HaiIeHI TeopeTHdHi
3HAYCHHS TEMIIEpaTypH IUIABJICHHS 30iratoThCsl 3 paHille BU3HAYEHUMU 3 €KCIIEPUMEHTIB. Pe3yibTaTi 10CiikeHb NOKa3yloTh,
110 11i MaTepiajii MOXHA BUKOPUCTOBYBATH B SIKOCTI )KapOMIIIHOTO IIOKPUTTS IIPU CTBOPEHHI IiNep3BYKOBUX JITAIbHUX allaparis,
a TaKOXX KOCMIYHMX araparis, 110 IIOBEPTAIOTHCSA HAa 3eMITIO.

Karo4doBi cjoBa: mnoHamKkapoMillHe IIOKPUTTS; MOJEKYIApHAa CTPYKTypa; KapOoHIiTpuI radHiloo; TeMmeparypa
IUIABJICHHS; KBAHTOBO-MEXaHIYHUII METOI.

KomnbioTepHoe Mone/mpoBanue cBepxskaponpo4nbix cpoiicts HfsC;N,
JJIS1 3AIMTHBIX NOKPBITHI TMIIEP3BYKOBBIX JIETATEIbHBIX ANNIAPATOB

A. A. Baiipamos, A. I'. I'acanos

AnHoTanus. Co3jaHue CBEpPXXKapONPOUHBIX IMOKPBHITUH I KOCMMYECKHX KopaOuneil, Bo3BpallaeMbIXx Ha 3eMilto, a
TaKKe UL JICTATENbHBIX alllapaToB, ABIKYIIMXCA B arMocdepe C THIIepP3BYKOBBIMH CKOPOCTSIMH, SBIISICTCS AaKTYaJbHOU
npoOneMoll COBPEMEHHOM HAayku M TeXHHMKH. Ilo3ToMy, Ul CO3[aHMS TakMX MAaTepHaloB Ba)KHOM 3ajadeil sBisercs
HCCIIEIOBAaHNE W KOMITBIOTEPHOE MOJETHUPOBAHNE MOJEKYISIPHOH CTPYKTYPHI Pa3IMYHBIX MHOIOKOMIIOHEHTHBIX COEJMHEHUH. B
JIAaHHOH CTaThe, Ha OCHOBE IOCTPOSHHOH KOMIIBIOTEPHON MOJEIN MOJEKY/IAPHOH CTPYKTYpBl MaTepuaa KapOoHUTpHIa raHus
¢ xumudeckoir ¢opmynoir HfsC;N,, npuMeHHB HOMy>MIMPUYECKUH KBaHTOBOMEXaHW4eckuil Mmerox PM3, BelumcieH psn
3HAUEHUH MEXaHWYECKHX, IEKTPHUIECKHX, ONTHYECKUX M TEPMOAMHAMHYECKUX IAPAMETPOB 3TOr0 MaTepHana. BeramcieHs
temneparypa Jlebast u Temreparypa IulaBiaeHHs Marepuana. HalileHHble TeopeTHUYeCKHe 3HAuCHUs TeMIEepaTypbl IUIaBICHHS
COBMAJAOT C PaHEE OMPEAEIECHHBIMU U3 SKCIIEPUMEHTOB. Pe3ynbTaTel HCCIEJOBAHUN MTOKA3BIBAIOT, YTO 3TH MaTEPHAIIbl MOXKHO
HCITOB30BaTh B KAuyeCTBE JKAPONPOYHOrO MOKPBHITUS MpPU CO3JAHHUHM THIEP3BYKOBBIX JIETATEIBHBIX alllaparoB, a TaKKe
KOCMHYECKHX aNlapaToB, BO3BPAILAEMBIX Ha 3EMIIIO.

KaoueBblie ciioBa: CBEpPX)KapoONPOYHOE IOKPHITHE; MOJICKYIISIpHAs CTPYKTYpa; KapOOHUTpHI radHuUs; TeMmIeparypa
IUIaBJICHUS; KBAHTOBOMEXaHUYECKUH METOLI.
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