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Theoretical calculations of physical and chemical conditions of the process of diffusion saturation of carbon steels
with nitrogen, carbon and chromium in the conditions of low pressure in the chlorine environment are carried out. The
probable phase composition as a result of diffusion saturation is determined. The temperature interval for the exist-
ence of carbides and nitrides was established. The main probable condensed and gas phases that are formed as a re-
sult of saturation of carbon steels with carbon, nitrogen and chromium are identified. It is analyzed how the number of
condensed and gas phases changes depending on the temperature of the diffusion coating process. It is theoretically
established that two chromium nitrides CrN and CraN and chromium carbide CrsC: will be the main condensed phas-
es as a result of deposition of the protective coating. The temperature interval for the existence of the main strength-
ening phases is established. Systems with oxygen content are analyzed. The formation of chromium oxides in the gas
state is noted. It is determined that in the first and final stages of saturation (the initial and final temperatures of the
saturation process), the main chromium-containing phase is chromium carbide and the almost complete absence of
CraN nitride. The temperature of 1300 K is the optimum temperature at which a complex chromium carbide-nitride
coating is formed. This combination of protective coating layers will have optimum properties in terms of wear and

corrosion protection.
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1. INTRODUCTION

Chemical vapor deposition (CVD) and diffusion satu-
ration processes are controlled by chemical reactions of
the decomposition of transition metal chlorides on the
substrate surface. Thermodynamic analysis of closed
systems makes it possible to predict the phase composi-
tion of steel surfaces after sequential saturation with
nitrogen and chromium in chlorine medium and to de-
termine the technological parameters of the process.

The powders of the saturating elements react in re-
verse with the chlorine gas phase. In this case, light
compounds are formed that enter the zone with other
chemical equilibrium conditions. As a result, the satu-
rating metal is deposited on the metal surface. The
process of transporting the alloying element in the re-
action medium is due to the pressure gradient of chlo-
rides in the zones of their formation and in the deposi-
tion zone. This is achieved by the temperature gradient
between the area of the original components and the
area of the saturating surface.

Both chemical and physical factors influence the
rate of component transfer. Saturation proceeds in sev-
eral stages: formation of the transfer components of the
saturating elements; then diffusion through the gas
phase to the alloy's surface; adsorption of the saturat-
ing elements by the material’s surface; diffusion into
the interior of the material; interaction of the diffusing
element with the components of the material accompa-
nied by the formation of solid solutions or chemical
compounds [1-3].

The aim of this work is to conduct a thermodynamic
analysis: to determine a phase composition of proposed
coating and a phase quantity under defined tempera-
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ture conditions in a certain ratio of starting reagents.
These calculations allow to spot the optimal amount of
starting reagents for the successful implementation of
the process of carbon steels saturation with chromium.

2. MATERIALS AND METHODS

In this paper, an evaluation of the physicochemical
conditions of the sequential saturation of carbon steels
with nitrogen and chromium was carried out. The dif-
fusion saturation process was implemented in two suc-
cessive stages. In the first stage, nitriding was carried
out using known technology in a camera furnace in
ammonia environment at its dissociation degree of 47-
55 % at 540 °C for 36 h. The second stage of chromium
saturation was carried out in a closed reaction medium
under conditions of a reduced gas phase pressure in a
camera furnace at 1050 °C for 4 h. As saturation com-
ponents, chromium powder (100-300 um) and carbon
tetrachloride (CCls) were used. Charcoal was added to
the saturation medium to increase carbonation ability.

It is known that during transportation of the alloy-
ing elements as a result of chemical transport reactions
several processes may occur in different zones of reac-
tor [4, 5]. To substantiate the choice of technological
parameters for coatings deposition an analysis of the
physicochemical conditions of the saturation process
was applied based on the thermodynamic approach of
determining the phase equilibrium in the reaction me-
dium.

The method of thermodynamic equilibrium between
different components of a closed multicomponent sys-
tem was used to determine the composition of the reac-
tion medium on the basis of the second law of thermo-
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dynamics. The necessity of using this technique was
initiated by an inability to apply other methods, con-
sidering all the constituent components and substances
formed in the closed reaction medium [6, 7].

To analyze the physicochemical conditions of the
saturation process a thermodynamic approach was ap-
plied, which allows a theoretical determination of the
equilibrium composition of a closed isolated system.
The equilibrium in a closed system differs from the real
conditions of a saturation process. At the same time,
the literature review [8, 9] showed the feasibility of the
proposed approach in different branches of metallurgy.
The possible phase composition of the coating is deter-
mined by the probable composition of the condensed
phase for a particular equilibrium system, the ratio of
components in which may vary.

Systems with a high nitrogen content relative to
carbon, equal and insignificant ones, were considered.
The condensed phase estimation allows to determine
the expected phase composition of the coating.

The equilibrium composition was determined in the
temperature range of 500-150 K at the constant pres-
sure p =102 Pa for systems involving C, N, Cl, Fe, O
and Cr (see Table 1).

In a given temperature range in the reaction medi-
um, the presence of chlorides of saturating metals of
different valence is evident. It must be taken into ac-
count the formation of oxides, nitrides and carbides of
the reacting elements as a result of the metal powders
interaction with oxygen and nitrogen, which are left
after a chamber evacuating. Carbide phases are formed
due to chromium interaction with the carbon of the
original alloy, and carbon form tetrachloride CCls as a
result of its dissociation. Dissociation of carbon tetra-
chloride increases the degree of chlorination of chromi-
um, reduces the probability of oxide films formation
and prevents a steel surface upon decarburization.

For the thermodynamic calculations, the applied
program package «Astra» was used, which allows to
predict the formation of condensed and gas phases in
the reaction medium under given conditions [10].

3. RESULTS AND DISCUSSION

Systems with the participation of CI, N, C, Fe and
Cr in the temperature range of 500-1500 K (Table 1,
systems 1, 2) with a predominant nitrogen and carbon
content were considered. In systems, where nitrogen
content prevails carbon content, the chromium carbide
is not formed in the condensed phase (system 2). With
the increase of carbon in the system, the main con-
densed phases are C, CrClz, CrN, Cr2N, Cr3Cz (Fig. 1).

It was found that there are no significant differ-
ences from the nitriding process in systems with a pre-
dominant nitrogen content. In this case, system 1 pro-
duces two known nitrides of the saturation element
CrN and CraN [11].

It is established that chromium carbides are not
formed. It is noted that chromium carbide CrsCs is
formed by reducing the amount of nitrogen and increas-
ing the carbon content in the systems.

The chemical reactions of system 3 (Table 1) result
in the condensation of the following phases: chromium
nitrides CrN and Cra2N, chromium carbide Cr3Cs and
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Fig. 1 — Equilibrium phase composition of the CI-N-C-Fe-
Cr = 2-5-3-1-6 (mole) systems, p = 102 Pa

carbon C, iron Fe, iron carbide FesC, chromium chlo-
ride CrClz and a small amount of Cr203 oxide (Fig. 2).

Chromium chlorides of different valences and small
amounts of iron chlorides are formed in the gas phase.
It should be noted that chromium oxides are not formed
in the gas phase. In turn, the system contains carbon
oxides of CO and COz2. Theoretical calculations of the
processes that occur during the application of protec-
tive carbonitride coatings on the basis of transition
metals of IV-VI groups can provide an information not
only about the probability of the phase formation, but
also about the distribution of system components
among these phases in the temperature range of 500-
1500 K. The iron in the Cl-N-C-Fe-Cr =2-2-9-1-6 sys-
tem at a temperature of 500 K is mainly concentrated
in the free state (Fig. 3). In the temperature range of
800-1100 K iron is combined with carbon to form iron
carbide FesC. At temperatures above 1300 K, the
amount of FesC decreases due to the formation of iron
chloride FeClz in the system.

The nitrogen distribution is presented in Fig. 3. At
500-800 K, nitrogen binds to CrN chromium nitride.
With further increase in temperature, the phase of CrN
disappears, thus forming a new chromium nitride CrzN.

Since the temperature of 1200 K thermodynamical-
ly advantageous is the existence of free nitrogen N3z, the
amount of which slowly increases with increasing tem-
perature from 5.28 % at 1200 K to 100 % at 1400 K.

The main carbon-containing phases (Fig. 3) in the
temperature range 500-800 K are free carbon and
chromium carbide Cr3Cz. Subsequently, as the temper-
ature increases, another phase is formed, containing
carbon carbide FesC. At temperatures of 1400-1500 K,
the predominant phase is chromium carbide CrsCo.
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Table 1 - Equilibrium phase composition of systems for diffu-
sion saturation of steels (7'= 500-1500 K, p = 102 Pa)

System compo- Phases in the reaction medium
nents and their Condensed
Gas phase
amount, mole phase
Cl, Ns, Fe(Cl,
CLN-C-Fe-Cr= | &l R0 | FeCly, FeCls,
=2-8-3-1-6 Ci’ N CrCl, CrCls,
2 CrCls
Cl, N2, FeCl,
CL-N-C-Fe-Cr = g o Fce*ﬁ FeCls, FeCls,
=2-5-3-1-6 e CrCl, CrCls,
Cr2N, CrsCsa
CrCls
C, Fe, FesC, | Cl, N2, CO, COq,
0O-CI-N-C-Fe-Cr=| Cr20s.CrCly, FeCl, FeCly,
=1-2-2-5-0.6-6 CrN, Cr2N, FeCls, CrCl,
CrsCs CrCls, CrCls
5
z
D4
"
5 3
2 CrN
Z2 —
E 1 CrC|2
c
]
2 Bcr [\
%0 o ———
(8]
500 800 1100 1400
Temperature, K
Condensed phase
0

. Pressure (P, Na), IgP
&

. co.
8 FeClLCrél, FeCl
10 N, crcl, FeCl,C

500 800 1100 1400

Temperature, K

Gas phase

Fig. 2 - Equilibrium phase composition of the O-CI-N-C-Fe-
Cr = 1-2-2-5-0.6-6 (mole) systems, p = 102 Pa

4. CONCLUSIONS

Investigations of the physicochemical conditions of
the process of diffusion saturation of carbon steels in
closed systems with the participation of chromium,
carbon, nitrogen, chlorine and oxygen in the tempera-
ture range 500-1500 K at a constant pressure
p =102 Pa showed that:

— the main condensed phases are CrN, Cra2N, CrsCa,
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Fig. 3 — The distribution of elements of the C1-N-C-Fe-Cr = 2-
2-9-1-6 (mole) system by chemical compounds

the amount of which depends on the content of nitro-
gen, carbon in the initial state and a temperature;

— the main components of the gas phase are chlo-
rides of saturating elements of different valences;

— in the presence of oxygen in the system the oxides
of the saturation element Cr203 are formed, the exist-
ence of which is limited by low temperatures.
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Pospaxyuoxk ¢isuko-xiMmivHuX yMOB npouecy (popmMyBaHHS 3aXUCHUX MOKPUTTIB
Ha OCHORIi KapOiniB Ta HiTpUAiBR Xpomy

H.A. Xapuenxo!?, A.I. llerymnal, B.I'. Xmxnax?, T.I1. l'osopyn?!, .. CMoxoBmy?

L Cymcovruli Oepoacasruil yuisepcumem, 8ys. Pumcorozo-Kopcakosa, 2, 40007 Cymu, Yrpaina
2 Hauiornanwvruti mexniunui ynisepcumem Yrpainu «KIII imeni I. Cikopcorozon,
npocn. Ilepemocu, 37, 03056 Kuis, Yrpaina
3 Vuisepcumem Ommo ¢pon I'epine Mazdebypea, Yrisepcumemcovka naowa, 2, 39106 Mazodebype, Himewuuna

IIpoBenenHo TeopeTuvHi po3paxyHKn (i3UKO-XIMIYHUX YMOB IIpoliecy Ou(y31HHOr0 HaCHYeHHs ByIJIelle-
BHX CTaJIeHl a30TOM, BYIJIEIleM Ta XPOMOM B YMOBaX HH3BKOIO THCKY B C€PEIOBHUIII XJopy. BusHaueno iimo-
BipHU# (pasoBuil CKIAL B pe3ysIbTaTi AudysifiHoro Hacu4eHHs. BcTaHOBIEHO TeMIlepaTypHUI 1HTepBa ic-
HyBaHHS Kap0OiaiB Ta HiTpuaiB. BusHaueHO 0OCHOBHI IMOBIPHI KOHIEHCOBAHI Ta ra3oBl ¢asu, 110 YTBOPOIOTH
cs1 B pe3yJIbTaTl HACHYeHHsI BYIJIEIIEBUX CTasIell ByIJyielieM, a30ToM Ta xpomoM. IIpoanasizoBaHo, SK 3MIHIO-
€ThCA KIIBKICTh KOHIEHCOBAHOI Ta ra3oBol (a3 3ayieskHO Bl 3MIHU TeMIIepaTypH IIpollecy OUdy3iiHOro Ha-
cuyeHHs. TeopeTHyHO BCTAHOBJIEHO, 1110 B Pe3yJIbTATI HAHECEHHS 3aXUCHOTO IOKPUTTS OCHOBHUMU KOHJIEH-
coBaunumu dazamu O0yayTs asa HiTpuau xpomy CrN, CreN ta rap6in xpomy CrsCs. Beranosieno tremmepary-
pHHI iHTepBaJ ICHYBAaHHS OCHOBHHX 3MIiIHIOIOUNX as. [IpoaHasizoBaHo crcreMu 3 BMICTOM KHCHIO. Bin-
3HAYAETHCSI YTBOPEHHS OKCHJIIB XpOMY B ra30BOMY cTaHil. BuaHadeHo, 1110 HA MEPIIiil Ta 3aKJIIOYHINA CTAIIsIX
HaCHYeHHs (ITI0YaTKOBI Ta KiHIEBl TeMIIepaTypH IIPollecy HACHYEHHs) OCHOBHOI ()a3010, III0 MICTUTh XPOM, €
rapbig xpomy Ta Maiixke moBHa BiacyTHICTh HiTpray CraN. Temmeparypa 1300 K — ontumansua Temmepary-
pa, Ipu SKif yTBOPIOETHCS KOMILUIEKCHE IOKPUTTS HITpUI-Kapbig xpomy. Take moesHaHHS mapiB 3aXuCHOTO
TOKPUTTS Oy/Ie MAaTH OIITUMAJIbHI BJIACTUBOCTI 3 TOYKH 30PY 3aXWCTY BIJI 3HOCY Ta KOPO3ii.

Kmouori cnosa: Tepmonmuamiuni pospaxyuku, [lokpurrs, Judyasiiine nacuuenns, KormerncoBana daasa,

T'asora dasa, Byrieriesi craui.
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