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High demands that are posed to modern materials exposed to the action
of thermal, mechanical or chemical loads oblige one to seek new solutions
and technologies. Compliance with these expectations requires designing the
composite materials without structural notches, and the application of gra-
dient materials. Transient zone, determining the interphase compound, is
an essential element of each composite. Interaction forces creating transient
structural zones determine the value of the adhesion forces. Among all forces
determining the adhesion the strongest are the forces of a chemical bond.
Therefore, the molecular modeling should be a valuable method to investi-
gate and design the composites. In the presented research the conditions of
coat adhesion of the Ti (C,N,O)-type to steel substrate are taken into consid-
eration. Using a standard quantum-chemistry program, the energies of the
following systems (clusters) — Fe—a—N-Ti, Fe—a—C-Ti, and Fe—a—0O-Ti
— are calculated. The aim of the analysis was to determine the conditions
for preparation of initial substrate, which are advantageous for the process
of coat formation. This analysis confirmed benefits arising from nitriding as
an initial treatment of the steel.

PACS numbers: 68.35.Np, 81.05.Mh, 31.15.Ar

1. Introduction

The method used most often to reduce the wear is a special formation of the
surface layer upon the blades of cutting tools and coating them with thin films,
formed primarily by the compounds of carbon, nitrogen, and boron with transient
metals. There is a technical trend to make universal multifunctional coatings such
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that the coat and the steel substrate combine together to create a kind of compos-
ite. Such composite should exhibit an appropriate quality, which is determined by
several parameters such as structure, chemical composition, hardness, thickness,
surface roughness, coefficient of friction, and primarily adhesion. Film adhesion is
one of the major qualities for every industrial coating.

In recent years the techniques based on a nonconventional synthesis of a ma-
terial from plasma, i.e. plasma assisted chemical vapour deposition (PACVD) have
achieved a significant position in terms of hard coating manufacturing [1-3]. One of
the major advantages of the methods incorporated into the range of plasma tech-
niques is a low temperature coating deposition, which allows coating of tools made
of high-speed steel without a risk of their tempering. There are also low-temperature
techniques of coatings deposition, which are based on the conventional synthesis
of material performed by the sol-gel method [4, 5]. The problems of adhesion
characteristic of low-temperature techniques have received much attention [6, 7].

The design of composites without the so-called structural notches has to
comply with high fatigue resistance, along with corrosion resistance and wear in the
friction process. To achieve a satisfactory adhesion without creating the diffusion
zone, the chemical bonds between material layers should occur [8, 9]. A question
arises how the conditions of coating synthesis with the participation of substrate
could be achieved. The answer to this question can be found among the solutions
already existing in practice. A trend associated with the integration of various
kinds of the surface treatment methods has been observed, e.g. the nitriding of
steel substrate and the formation of composite coating TiC/Ti(C,N)/TiN [10].
Can these processes be predicted and optimised? One of the ways to solve such
problems is a thermodynamic analysis.

The aim of the present work is the analysis of thermodynamic functions of the
reactions proceeding the process of deposition of the Ti-layer on the Fe-substrate.
The calculations were performed using the method of stationary calculation de-
scribed in the literature as “HyperChem” program. HyperChem is a molecular
modeling and simulation program that enables us to perform complex chemical
calculations [11].

2. Theory

The energy and a spatial arrangement of elements forming the structure as
well as a character of the chemical bond is the decisive factor affecting the ma-
terial properties. Development of the quantum chemistry in connection with the
computer techniques resulted in creation of the theoretical models describing inter-
actions occurring between atoms and molecules. The molecular modeling enables
one a prediction of the real properties and the simulation of molecular behaviour
under specific conditions. This provides an important advantage, because such
a theoretical solution of technical problems does not require performing tedious
experimental works.
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In this paper the results of thermodynamic calculations for the systems (clus-
ters) of the following types: Fe—a—N-Ti, Fe—a—C-Ti, and Fe—a—O-Ti, are pre-
sented. As the workspace for calculation of the total energy of reagents was lim-
ited, the Fe—a crystal contains 16 atoms of Fe. The space group is Im3m. The
atomic positions of particular Fe atoms were taken from [12]. Heat of formation
of particular products of the reaction under standard conditions was calculated
by subtracting the total energy of the reagents participating in the formation of
products.

In the first stage, the total energies of the respective bonds and the heats
of the formation were determined for the systems Fe—a—Feb/Fe, Fe—a—Feb/Ti,
Fe—a—Feb/Ti-C, Fe—a—Fe/Ti-N, and Fe—a—Feb/Ti-0, taking into considera-
tion all possible locations of the non-metal atoms in the a—Fe cell and outside this
cell. By studying the sensitivity of the systems against the location of the carbon,
nitrogen or oxygen atoms in the Fe—a—Fe5/Fe and Fe—a—Feb/Ti cells, the opti-
mization of the clusters Fe—a—Feb/Ti-C, Fe—a—Fe/Ti-N, and Fe—a—Fe5/Ti-O
has also been carried out. As the optimization criterion the minimum of the system
energy was chosen. The lowest value of minimum on the energy surface for reagents
was calculated by geometry optimization method—ZINDO/1. This method is a vari-
ation of intermediate neglect of differential overlap (INDO) method extended to
transition metals [13].

3. Results

The results of analyses performed by means of HyperChem program are
presented below. Visualization of the analysed systems is presented in Fig. 1, in
which the positions of titanium, carbon or nitrogen atoms are shown. Values of the
system energy, used for plotting the energy diagram for the reaction of titanizing
of iron, are given below

Fe—a + Ti — Fe—a—Ti(0.125, 0.25, 0.5), (1)
Q = 50751.92 keal /mol;

Fe—a + Ti — Fe—a—Ti(0, 0.25, 0.5), (2)
() = 2374.38 kcal/mol;

Fe—a 4+ Ti — Fe—a—Fe5/Ti+ Fe, (3)
Q = 78.80 keal /mol;

Fe—a 4+ N — Fe—a—N| (4)

nitrogen in front of the crystal @ = —7.94 keal/mol,
on the surface of the crystal @ = —64.92 kcal/mol,
inside the crystal @ = —87.30 kcal /mol;
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Fe-a-Fe5/Fe-N-Ti

ENERGY

Fe-a-Fe5/Ti-N(0,0.25,0.255)
REACTION PATH

Fig. 1. Energy diagram for the reaction of titanizing the iron.
Fe—a + C — Fe—a—C,

carbon in front of the crystal @ = —117.78 kcal/mol,
on the surface of the crystal @ = —222.2 kcal/mol,
inside the crystal @ = —301.00 kcal/mol;
Fe—a+ 0O — Fe—a — O,
oxygen in front of the crystal @ = —48.14 kcal/mol,
on the surface of the crystal @ = 80.16 kcal/mol,
inside the crystal @ = 44.53 kcal/mol;
Fe—a—C + Ti — Fe—a—Fe5/Ti—C(0,0.25,0.25) + Fe,
Qoptimum = —17.74 keal/mol;
Fe—a—N + Ti — Fe—a—Fe5/Ti—N(0, 0.25, 0.255) + Fe,
Qoptimum = —878.37 kcal /mol.

(8)

Numbers given in brackets represent the reaction formation of the analysed

systems and the lowest value of the energy.

4. Conclusions

1. The thermodynamic analysis show that the system composed of the iron,
titanium, and nitrogen atoms, 15Fe—a—N-Fe5/Ti(0,0.25,0.255), is energet-

ically favourable.

2. From the viewpoint of adhesion the nitriding, before the process of deposition

of the titanium coatings on the steel substrates, is a beneficial treatment.
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. The results obtained do agree with experimental results [14-17].

The technologies for producing steel, with properties improved as a result
of treatment by nitriding and the formation of the titanium layers, have
been already developed; e.g. Ti(N,C,0) by the PACVD-WIMP technology,

developed in the Institute of Precision Mechanics, Warsaw.

References

A. Michalski, Physicochemical Basis of Obtaining of Coatings from Vapour, War-
saw University of Technology Press, Warsaw 2000, p. 154 (in Polish).

A. Sokotowska, Unconventional Synthesis of Materials, PWN, Warszawa 1991,
p. 104 (in Polish).

A. Leonhardt, 1. Endler, K. Bartsch, H. Gruger, in: Proc. FEUROMAT — 97, Maas-
tricht, Eds. L.A.J.L. Sarton, H.B. Zeedijk, Vol. 3, Netherlands Society for Mate-
rials Science, Zwijndrecht 1997, p. 57.

L.C. Klein, in: Sol-gel Technology for Thin Films, Fibers, Performs, Flectronics,
and Speciality Shapes, Noyes Publication Park Ridge, New Jersey (USA) 1988,
p. 407.

A. Biedunkiewicz, W. Jasinski, S. Lenart, Vacuum 50, 65 (1998).

M. Kupczyk, in: Proc. 12th Intern. Special School “Modern Plasma Surface Tech-
nology”, Ed. W. Precht, Technical University of Koszalin Press, Koszalin 2000,
p. 299.

H.K. Pulker, A.J. Perry, R. Berger, Adhesion, Surface Technology 14, 25 (1981).
D. Campbell, Nucleation Test. Handbook of Thin Film Technology, Vol. 149, New
York 1981, p. 25.

M. Ohring, The Materials Science of Thin Films, Academic Press, San Diego
1992, p. 704.

A. Nakonieczny, Surface Treatment of Metal Products, Institute of Precision En-
gineering, Warsaw 2000, p. 104 (in Polish).

HyperChem, Computation Chemistry, Publication HC50-00-03-00. Hypercube
Inc., Canada 1996.

Physicochemical Handbook, WN'T, Warsaw 1974 (in Polish).

W.P. Anderson, W.D. Edwards, M.C. Zerner, Inorganic Chemistry 25, 2728
(1986).

M. Dabrowski, A. Rutkowska, W. Zurowicz, in: Proc. DAAAM, Technical Univer-
sity Cluj-Napoca, Cluj-Nappoca (Romania) 1998, p. 153.

A. Rutkowska, M. Dabrowski, Inzynieria Materiatowa 5, 292 (1999) (in Polish).
J. Michalski, E. Lunarska, T. Wierzchon, S. Alghanem, Surface and Coatings
Technology 72, 189 (1995).

B.G. Wendler, Utilization of Reactive Core Originating Diffusion of Carbon in

Process of Surface Enrichment, Technical Univesity of Lddz, Ldédz 2001, p. 154
(in Polish).



