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Summary. Results of the thermodynamic analysis of the probability of formation of chemical
compounds in the «Ti-C-N-O-B» system are presented in this paper. The ranking of the formation of chemical
reactions as a function of temperature (T = 100...1200°C) and air pressure (P = 1.33-108...1-10° Pa) is carried
out. It is shown, that titanium will interact with oxygen most actively, forming a interstitial solid solution with
the subsequent T = 900°C titanium boride. Reduction of air pressure is not likely to reduce the formation of
compounds containing formation of oxides; following the probability, nitrides will be formed, then carbides and
up to temperature oxygen and nitrogen. Thus, at the temperature T = 800°C, the available compound B,0; will
be decomposed and will not be formed at the pressure below P = 1.33-10° Pa.
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Statement of the problem. The structure and properties of the metal surface layer
specify the most service properties of products. Development of the surface engineering
technology for modification of the surface layers makes possible to form films and coatings,
which comprise the specific combination of properties, which differ from those of the basic
metal. One of these methods is the thermodiffusion saturation of the gaseous medium. This
problem is urgent for the products made of the titanium compounds as well, as despite the
high values of the specific strength some other operation properties (such as wear and
corrosion resistance) are not good enough [1 — 3]. Nowadays traditional materials for creation
of high-quality operation coatings are the binary compounds of titanium (oxides, nitrides and
carbides) [4 — 8]. One of the first stages, provided for the investigation of the chemical
compounds formation, is the thermodynamic analysis. That is why to find the possibility of
formation of binary compounds during thermodiffusion saturation of titanium from the
oxygen, nitrogen, carbon and boron medium, as well as to estimate the processes in the
gaseous phase, the thermodynamic calculations in the «Ti-C-N-O-B» system were carried out.

Analysis of the available results of investigations. The main criteria for choosing
these compounds are, beside high melting temperature, which, as a rule, is below 1500°C, the
thermodynamic strength at high temperatures and some special properties, possessing by
them, which are of paramount importance in certain operation conditions (hardness, wear
resistance, thermal expansion, scale resistance, heat resistance, corrosion resistance, electric
resistance, etc.). According to the scientific-technological literature the interstitial compounds
of titanium oxides, nitrides and carbides are similar in their crystalline structure, the type of

16 oo et e et e e et ee e een ... CorTesponding author: Vasyl Trush; e-mail: trushvasyl@gmail.com


mailto:trushvasyl@gmail.com

Vasyl Trush, Alexander Luk’yanenko

chemical bonds, electric and chemical properties. Besides, it should be noted, that the
interstitial compounds mentioned above possess a great deal of homogeneity [9 — 11].

Thermodiffusion saturation from the gaseous medium is still the most efficient and
versatile from the point of view of possibility to form binary interstitial compounds in
titanium in great range of interstitial element/titanium. Formation of binary interstitial
compounds (titanium oxide, nitride, carbide) of different interrelation depends on the
technological factors of the saturation medium. One of such key factors are the temperature
and the pressure of the chemically active gases (oxide, nitrogen, carbon). Lately the
investigation attention was directed to the accumulation of data on the effect of chemical
binary compounds on the physical-mechanical properties of titanium for carrying out
calculations being able to estimate preliminary the possibility to form these or those binary
interstitial compounds in titanium.

The objective of the paper is to carry out theoretical calculations in order to reveal
the possibility to form chemical titanium compounds with the interstitial elements (C, N, O,
B). To reach the goal the system «Ti-C-N-O-B» has undergone the thermodynamic analysis.
The changes of the characteristic functions of the system state with the change of temperature
and the partial pressure of the gas components (O2, N2) were analyzed. In the calculations the
table values of the thermodynamic parameters [12 — 15] were used as well as the following
available dependencies for finding the free energy of chemical reactions [16].

Statement of the task. In the paper the table values of the thermodynamic parameters
and the following available dependencies for finding the free energy for the chemical
reactions were used to carry out theoretical calculations in order to reveal the possibility to
form the titanium chemical compounds with the interstitial elements (C, N, O, B). It made
possible to present in the paper the results of analytical calculations of formation the binary
embodied compounds of titanium basing on oxygen, hydrogen, carbon and boron. To carry
out the calculations we took advantage of the platform MathCad.

Results of investigations. For the thermodynamic analysis let us analyze the changes
of the characteristics functions of the system state, when the temperature and partial pressure
of the gaseous components (O2, N2) are changed. With this purpose the table values of the
thermodynamic parameters [12 — 15] and the following known dependencies were used

AG; =AH; —T-AS; +R-T -In(1/ p,) =AG; —RT -In(1/ p,) , (1)

where AH°t— the change of the investigated system enthalpy, resulted from the reaction at the
temperature 7' in normal conditions, J/mole, 7' — temperature, K, 45°r — the change of the
system enthalpy at the temperature T in the normal conditions, J/(mole-K); R — versatile gas
constant; R = 8,314 J/(mole-K); pa — partial pressure of the components in the saturating
medium, atm.

AC,

T T
AHP = AHZ, + [AC,dT; ASP = ASS + |

298 298

dT, (@)

where 4Cp — the change of the system heat capacity.

The comparison criterion is assumed to be the level of similarity between the chemical
elements 4Gr, that is, the reactions with more minus values of the free energy change will
prevail.
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The system «Ti-C-N-O-B» will be analyzed under such initial states: Ti — is in the
condensed state — solid metal; C — is in the condensed state — solid graphite; N2 — is in the
gaseous state — gas; Oz — is in the gaseous state — solid gas; B — is in the condensed state —
powder-like.

Let us analyze the thermodynamic characteristics of interrelation the mentioned above
system components within the temperature range /00...1200°C under the pressure of 1 atm.

Preliminary analysis of the reactions probability will be performed according to the
molar enthalpy of the chemical compounds formation at the temperature 25°C (298,15 K) and
under the normal conditions.

Table 1

Molar enthalpy of the chemical compounds formation at the temperature 298,15 K from the regular elements
under normal conditions [13]

Ne | Compound AH°(298, 15 K), Ne | Compound AH°(298,15 K),
J/mol J/mol

1 BC 838161,905 13 CcO —-110535,196
2 BC> 801258,725 14 TiB —-160247,000
3 B2C 800432,614 15 TiC —184096,000
4 CNN 633484,056 16 BN —251000,000
5 CaNz 529200,000 17 TiB: —279491,000
6 CN 438683,552 18 BO: —309121,947
7 C2N2 309100,000 19 TiN —337648,800
8 B2O 192798,018 20 CO2 —393510,000
9 N203 86630,595 21 B202 —457711,486
10 N-O 81600,000 22 TiO —542000,000
11 BO 20406,404 23 B203 —835382,271
12 B4C —62000,000 24 TiO: —944000,000

The exothermal reactions, which take place releasing energy, prevail in forming
compounds, that is why let us analyze the reactions of formation compounds from 12 till 24

(Table 1).
1. Ti + 1/20; = [O]Ti — formation of the solid solution

of the oxygen interstitial in titanium; 6. B+ 1/2 N, = BN;
2. Ti+1/20, =TiO; 7.2B + 02 = B20;
3. Ti+ 1/2N2 =TiN; 8. 2B + 3/20. = B03;
4. Ti+C=TiC; 9.4B + C = B4C;
5. Ti+B=TiB; 10. C + 1/20, = CO.

For the changed conditions (temperature, pressure) let us analyze the change of the
isobaric-isothermal potential of the formation of these compounds.

The dependence of change of the isobaric-isothermal potential of these compounds
formation under the pressure 1 atm (taking into account the portion of oxygen and nitrogen) is
presented in Fig. 1, the calculation was performed on g-atom of the oxidant.
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Figure 1. Temperature dependences of the isobaric-isothermal potential change of simple compounds
formation under the pressure 1 atm (/-10° Pa)

According to the obtained dependences it can be assumed, that the titanium will
interact with the oxygen the most actively, forming solid penetration solution with the further
formation of oxides, further the nitrides are likely to be formed, then carbides and borides till
the temperature 900°C. Above the temperature 900°C the compound TiB must have not been
formed, the diffusion saturation of the titanium by boron can take place. When the titanium
contacts with the boron nitrite, its dissociation is likely to take place and formation of the
titanium nitrite and titanium boride. When B.0Oz and B.O> contact with the titanium, these
oxides will be decomposed and form the titanium oxide and titanium boride correspondingly.

Up to the temperature 800°C the following procedure is possible: B2Os being in
contact with the titanium releases the oxygen atom forming B.O> and the titanium oxide.
When the amount of oxygen is enough, the probability of formation B2O; is high enough
within all the temperature range. Carbon boride B4C being in contact with the titanium will be
treated as the boron donor, and above 700°C it will be decomposed into the components:
boron and carbon. Above the temperature 500°C, oxygen being available, the formation of the
carbon oxide will prevail over the titanium carbide, but the carbon oxide being in contact with
the titanium, it becomes the oxygen donor for formation of the solid solution of oxygen in the
titanium and titanium oxide. And carbon, when oxygen being available, form the carbon
oxide again. Oxygen being not available, the titanium carbide is formed.

Let us analyze these processes under the lower general air pressure up to 1 mm Hg
(133,33 Pa).
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Figure 2. Temperature dependencies of the isobaric-isothermal potential change of simple compounds
formation under the residual pressure of the rarefied air 1 mm Hg (133,33 Pa)
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The decrease of the gaseous components pressure does not change effectively the
situation, but the stability of compounds, possessing oxygen or nitrogen, decreases. Thus, at
the temperature above 7700°C the formation of B.Oz becomes impossible. At the temperature
above 7100°C the formation of the titanium carbide prevails over the formation of nitride.
Decreasing of pressure results in prevailing of the carbon oxide over the titanium carbide, the
temperature being above 900°C.

The interrelation of the gaseous components in the gas solution under available
technical conditions can change from 1 atm (733,33-10° Pa) till 1-10° mm Hg (1,33-10°8 Pa).
That is why let us analyze the dependencies of the isobaric-isothermal potential change of the
compounds formation depending on the pressure of the gaseous medium. The rarefield air
will be analyzed, that is why the interrelation of partial pressures of the oxygen and nitrogen
were taken into account in the calculations.

Let us analyze the isobaric-isothermal potential change of the compounds formation at
the temperature 750°C within the range of pressures 1-10°...760 mmHg (1,33-10° Pa... 101,324 Pa)

(Fig. 3).
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Figure 3. Dependencies of the isobaric-isothermal potential change of simple compounds formation on the
residual pressure of the medium at the temperature 750°C

According to the obtained dependencies it can be concluded, that the decrease of the
air pressure decreases the probability of formation the compounds, possessing the oxygen and
nitrogen. Thus, at the temperature 750°C the available compound B20O. will be decomposed
and a new compound will not be formed, if the pressure is below 10 mm Hg (7,33-10° Pa).

Similar situation is for B2Os, if the temperature is 950°C (Fig. 4) — the compound can
not be formed, if the pressure is below 5-70* mm Hg (6,66-10 Pa). The decrease of pressure
till 7-70°>mm Hg (1,33 Pa) at the temperature 950°C results in the greater probability to form
TiC than TiN.
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Figure 4. Dependencies of the isobaric-isothermal potential change of simple compounds formation of the
residual pressure of the medium at the temperature 950°C

The decrease of pressure at the temperature 7750°C (Fig. 5) results in the fact, that the
formation of B2Os is impossible under the residual pressure below 1 mm Hg (133,33 Pa). If
the pressure is below 7-70>mm Hg (1,33 Pa), the titanium carbide is more stable than the
carbon oxide and titanium carbide. The boron nitride is not formed, if the pressure is below
1-10°° mm Hg (1,3310 Pa).

100

o

w
]
S

AG, kdig-at. (O, B, N, C,)

IN
o
S

-500
10° 10° 10* 10° 107 10° 1 10 P, mmHg

Figure 5. Dependencies of the isobaric-isothermal potential change of simple compound, formation on the
residual pressure of the medium at the temperature 7150°C

From the point of view of the possibility to deliver the boron to the titanium surface,
let us analyze the pressure of the saturated steam of the pure B and B,Os3 (Fig. 6).
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Figure 6. Pressure of saturated steam B and B,O; depending on temperature

The delivery of boron through the oxide B20s is possible, if the temperature is above
950°C and the pressure of saturated steam is more than /-70° mm Hg (1,3310° Pa), because
such pressure of the residual gaseous medium can be used during the chemical-thermal
treatment.

As the saturated medium is complex and contains oxygen, nitrogen and carbon, the
probability of formation of the triple compounds is possible [17, 18].

As the source of the thermodynamic data is different, let us present the basic data
curves for the comparison. That is why let us calculate the change of isobaric-isothermal
potential for the reactions:

DTi+C=TiC; 2)Ti+%N2=TiN; 3)Ti+%02.=TiO; 4)C+'1%02=CO.

In Fig. 7 the change of the Gibbes energy for formation of these compounds,

depending on the temperature, is presented.
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Figure 7. The change of the isobaric-isothermal potential of the chemical compounds formation depending on

temperature under normal conditions
Let us analyze the change of the isobaric-isothermal potential of the reaction of

formation of non-stoichiometric carbides (Fig. 8)

Ti+ (1 - x)C=TiCi -x.
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Figure 8. The change of the isobaric-isothermal potential of non-stoichiometric titanium carbides formation
depending on temperature

According to the Fig. 8 the raising of temperature will result in the prevailing
formation of the titanium carbides of the stoichiometric composition, if the delivery of carbide
is not enough. The formation of carbides of non-stoichiometric composition will be slower,
because of the formation of nitrides of the stoichiometric composition.

The results obtained in the paper make possible to estimate and reveal the regularities
of formation of the interstitial binary compounds (oxides, nitrides, carbides, borides) of the
titanium depending on such technological factors as temperature and pressure of the saturated
gaseous medium.

Because of that the further investigation of the thermodiffusion saturation Kinetics of
the titanium alloys from the combined (gaseous + powder-like) medium, depending on the
temperature and pressure of the gaseous components, as well as the comparison of the
obtained results with the theoretical ones, the study of wide range of physical, chemical,
mechanical and service properties of the modified layers, is worth being investigated in
future.

Conclusion. The presented above results are of the probability nature and absolutely
real for the balanced state. Under the real conditions of the chemical-thermal treatment the
vital role in formation of these or those compounds is that of the kinetic factor, that is, the rate
of delivery and the amount of the chemical element being delivered to the titanium surface.
That is, the deviation may happen to be and the probability of formation the complex
compounds with the admixtures of boron and carbon cannot be excluded, which can be
delivered from the powder-like filling itself, being diffused into the depth of the metal,
reacting with the other chemical compounds and being fixed in the defects.
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TEPMOAUHAMIYHI IEPEAYMOBH YTBOPEHHS CIIOJIYK
TUTAHY 3 EJIEMEHTAMM BTIVIEHHA (C, N, O, B) 3AJIEZKHO BI/{
TEMIIEPATYPHU I TUCKY I'A30BOI'O CEPEJIOBUIIIA

Bacuab Tpyur; Onexcanap Jlyk’siHeHKO

Dizuxo-mexaniunuu incmumym im. I'.B. Kapneuka HAH Ykpainu,
JIvsis, Ykpaina

Pe3tome. Tuman Hanescums 00 1e2KUX Memanie, siKi GHACAIO0K HU3bKOI NUMOMOL 2yCMUHU Ma HU3bKO20
MOOYISL  NPYXHCHOCMI MAlOmMb 3HAYHI Nepeéazu Npu GUKOPUCMAHHI 6 asMOMOOLIbHIL ma  asiayiiiHill
NPOMUCLOBOCMAX. 3aCmOCy8antst Memooi6 iHdiceHepii noGepxXHi 00360J€ POUUPUMU chepu SUKOPUCMAHHSL
MUMaHosux cniasis, 3abesneyumu HAOIHICMb ma pobomo30amuicmes 6upodie 3 HUX, CYMMEBO NIOSUUIUMU
exoHoMiunicmb ix excnayamayii. IIposedennss nonepednix mepmoounamivnux pospaxyukie y cucmemi « Ti-C-N-
O-B» 003601umeb onmumizyeamu ubOip cxem ma pexicumie 00poOoK 01 hOpMYBaAHH MUX YU THUUX CHOJYK HA
Meman, wo niomeepoicye axmyanvHicms memu oanoi pobomu. Haeedeno pezyibmamu mepmoOuUHAMIUHO0
auanizy umogipnocmi ymeopenus ximiunux cnoayk y cucmemi «Ti-C-N-O-By. I[lpogedeno pandicysanus
VYMBOPeHHs XiMiuHux peakyitl 3anedxcHo 6i0 memnepamypu (T = 100...1200°C) 1t mucky nosimpsa (P = 1,33-10°
8...1-10°Pa). Iloxasano, wo Hatiakmueniuie muman 6yoe 63aeMoO0isimi 3 KUCHEM, YMBOPIOIOUU MEEPOULl POIUUH
8MIiNIeHHsl 3 NOOANbUUM YMBOPEHHAM OKCudig. Hacmynnumu 3a imogipnicmio 6y0yme ymeopoeamucs Himpuou,
nomim kap6iou i 0o memnepamypu T = 900°C — 6opuou mumany. Buseneno, wo euwe memnepamypu
T = 900°C cnonyka TiB ymeopiosamucs He noguHHa, Modice 8i00ysamucs auue Ouy3itine HACU4eHHs MUMary
6opom. Tokazano, wo 3a konmaxmy B203 ma B202 3 mumanom yi okcuou 6y0ymos po3naoamucsi i ymeoproeamu
8I0N0BIOHO OKCUOU MUMAHy ma O6opudu mumauy. 3a KOHMAKMY Mumany 3 Himpuoom 6opy UmMo8ipHo Oyde
sidbyeamucs 1020 oucoyiayis ma ymeopeHHs Himpudy mumany U 6opudy mumany. Kap6io 6opy BiC 3a
KOHmMaKkmy 3 mumaHom Oyde eucmynamu 5K OOHOp Oopy ma eyeneyto, a euwe P = 700°C gin 0Oyde
posknaoamucs Ha 6op ma yaaeysb. 3HUNCEHHA MUCKY NOGIMPSA 3MEHWLYE UMOGIPHICIb YMBOPEHHS CHOMYK, WO
micmamo kucenv ma azom. 3a memnepamypu T = 800°C icuyroua cnonyka B0, 6yode posxkiadamucs i ne 6yoe
ymeopioeamucs 3a mucky Huscue P = 1,33-10° Pa. ITodibua cumyayis cxnademvcs ons B2Os 3a memnepamypu
T=1000°C — ysa cnonyka He modice ymsoprosamucs 3a mucky Hudcue P = 0,133 Pa. 3nusicenns mucky oo
P =1,33 Pa 3a memnepamypu T = 1000°C npuzsodums 0o 36inbuienns imogipnocmi ymeopenns TiC nioic TiN.
Jlocmasnanns 6opy uepes eazogy ¢gazy oxcudy B0z cmae timosipuum euwe memnepamypu T = 950°C, xonu
MUCK 11020 Hacu4eHoi napu cmac suwum 3a P = 1,33-10° Pa.

Kniouosi cnosa: muman, xucemn, @yeneyvp, azom, 00p, MEPMOOUHAMIYHUU AHANI3, OIHAPHI XiMiuHi
CHOMYKU.

Ompumano 14.08.2018

ISSN 2522-4433. Bicrux THTY, N2 3 (91), 2018 .. cveeeeee oo e e oo e et e e et e e e e e e et e v e e eee e e 2D



