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H igh dem ands that are posed to modern materia ls exp osed to the action
of thermal , mechanical or chemical loads oblige one to seek new solution s
and technologies . C omplianc e w ith these expectations requires designing the

comp osite materials w ithout structural notches, and the applicati on of gra -
dient materials. T ransient zone, determini ng the interphase comp ound, is
an essential element of each comp osite. Interaction forces creating transient

structural zones determine the value of the adhesion forces. A mong all forces
determining the adhesion the strongest are the forces of a chemical bond.
T heref ore, the molecular mo deling should be a valuable metho d to investi-
gate and design the comp osites. I n the presented research the condition s of

coat adhesion of the T i (C ,N ,O)- typ e to steel substrate are taken into consid-
eration. U sing a standard quantum- chemistry program, the energies of the

follow ing systems (clusters) | FeÀ ˜ À N {T i, FeÀ ˜ À C {T i, and FeÀ ˜ À O{T i
| are calculated . T he aim of the analysi s was to determine the condition s
for preparation of initial substrate, w hich are advantageous for the pro cess
of coat formation. T his analysi s conÙrmed b eneÙts arising from nitridi ng as

an initi al treatment of the steel.

PAC S numb ers: 68.35.N p, 81. 05.Mh, 31.15.A r

1. I n t rod uct io n

The m etho d used most often to reduce the wear is a special form atio n of the
surf ace layer upon the blades of cutti ng to ols and coati ng them wi th thi n Ùlm s,
form ed pri mari ly by the com pounds of carb on, ni tro gen, and boron wi th tra nsient
m etals. There is a techni cal trend to m ake uni versal multi functi onal coati ngs such
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tha t the coat and the steel substra te combine to gether to create a ki nd of com pos-
i te. Such com posite should exhi bi t an appro pri ate qual i ty , whi ch is determ ined by
several param eters such as structure, chemical com positi on, hardness, thi ckness,
surf ace roughness, coe£ cient of fri cti on, and pri m ari ly adhesion. Fi lm adhesion is
one of the m ajor qual i ti es for every industri al coati ng.

In recent years the techni ques based on a nonconventi onal synthesi s of a m a-
teri al from plasma, i .e. plasma assisted chemical vapour depositi on (PACV D) have
achi eved a signiÙcant positi on in term s of hard coati ng m anuf acturi ng [1{ 3]. One of
the major advantages of the m etho ds incorp orated into the range of plasma tech-
ni ques is a low tem perature coati ng depositi on, whi ch al lows coati ng of to ols made
of high-speedsteel wi tho ut a ri sk of thei r tem pering. There are also low- temperature
techni ques of coati ngs depositi on, whi ch are based on the conven ti onal synthesi s
of m ateri al perform ed by the sol -gel m etho d [4, 5]. The probl ems of adhesion
characteri sti c of low- temperature techni ques have received much attenti on [6, 7].

The design of com posites wi tho ut the so-cal led structura l notches has to
compl y wi th high fati gue resistance, along wi th corro sion resistance and wear in the
fri cti on pro cess. T o achi eve a sati sfactory adhesion wi tho ut creati ng the di ˜usi on
zone, the chemical bonds between m ateri al layers should occur [8, 9]. A questi on
ari ses how the condi ti ons of coati ng synthesi s wi th the parti cipati on of substra te
could be achi eved. The answer to thi s questi on can be found am ong the soluti ons
al ready existi ng in pra cti ce. A trend associated wi th the integ rati on of vari ous
ki nds of the surface trea tm ent m etho ds has been observed, e.g. the ni tri ding of
steel substra te and the form ati on of com posite coati ng Ti C/ Ti (C, N)/ Ti N [10].
Ca n these pro cessesbe predi cted and opti m ised? One of the ways to solve such
pro blems is a therm odyna m ic analysis.

The aim of the present work is the analysis of therm odyna m ic functi ons of the
reacti ons pro ceeding the pro cess of depositi on of the Ti -layer on the Fe-substra te.
The calcul ati ons were perform ed using the m etho d of stati onary calculati on de-
scribed in the li tera ture as \ Hyp erChem " program . Hyp erChem is a molecular
m odel ing and sim ulati on program tha t enables us to perform com plex chemical
calculati ons [11].

2 . T heor y

The energy and a spati al arra ngement of elements form ing the structure as
wel l as a character of the chemical bond is the decisive facto r a˜ecti ng the m a-
teri al properti es. D evelopm ent of the quantum chemistry in connecti on wi th the
computer techni ques resulted in creati on of the theoreti cal m odels describing inter-
acti ons occurri ng between ato m s and m olecules. The molecular m odel ing enables
one a predi cti on of the real pro perti es and the sim ulati on of molecular behavi our
under speciÙc condi ti ons. Thi s pro vi des an im porta nt adv anta ge, because such
a theo reti cal soluti on of techni cal pro blems does not requi re perform ing tedi ous
exp erimenta l works.
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In thi s paper the results of therm odyna mic calcul ati ons for the system s (cl us-
ters) of the fol lowi ng typ es: FeÀ ˜ À N{ Ti , FeÀ ˜ À C{ Ti , and FeÀ ˜ À O{ Ti , are pre-
sented. As the workspa ce for calcul ati on of the tota l energy of reagents was lim -
i ted, the FeÀ ˜ crysta l conta ins 16 atom s of Fe. The space group is I m 3 m . The
ato m ic positi ons of parti cul ar Fe ato m s were ta ken from [12]. Heat of form ati on
of parti cular pro ducts of the reacti on under standard condi ti ons was calcul ated
by subtra cti ng the tota l energy of the reagents parti cipati ng in the form ati on of
pro ducts.

In the Ùrst stage, the to ta l energies of the respective bonds and the heats
of the form ati on were determ ined for the system s FeÀ ˜ À Fe5/ Fe, FeÀ ˜ À Fe5/ Ti,
FeÀ ˜ À Fe5/ Ti { C, FeÀ ˜ À Fe/ Ti { N, and FeÀ ˜ À Fe5/ Ti{ O, ta ki ng into considera-
ti on al l possible locati ons of the non-m etal ato ms in the ˜ À Fe cell and outsi de thi s
cell . By studyi ng the sensiti vi ty of the system s against the locati on of the carbon,
ni tro gen or oxygen ato m s in the FeÀ ˜ À Fe5/ Fe and FeÀ ˜ À Fe5/ Ti cells, the opti -
m izati on of the clusters FeÀ ˜ À Fe5/ Ti {C, FeÀ ˜ À Fe/ Ti {N, and FeÀ ˜ À Fe5/ Ti {O
has also been carri ed out. As the opti m izati on cri teri on the m inimum of the system
energy was chosen. The lowest value of mini mum on the energy surface f or reagents
wa s calcul ated by geometry opti m izatio n metho d{ ZIND O/ 1. Thi s metho d is a vari -
ati on of interm ediate neglect of di ˜erenti al overl ap (IND O) m etho d extended to
tra nsiti on m etals [13].

3. R esul t s

The resul ts of analyses perform ed by m eans of Hyp erChem program are
presented below. Vi sual izati on of the analysed systems is presented in Fi g. 1, in
whi ch the positi ons of ti ta ni um , carb on or ni tro gen ato m s are shown. Values of the
system energy, used for pl otti ng the energy di agram for the reacti on of ti ta nizing
of i ron, are given below

FeÀ ˜ + Ti ! FeÀ ˜ À Ti ( 0:125; 0:25 ; 0:5) ; (1)

Q = 5 0 7 5 1 : 9 2 kcal / m ol;

FeÀ ˜ + Ti ! FeÀ ˜ À Ti ( 0; 0:25; 0:5) ; (2)

Q = 2 3 7 4 : 3 8 kcal/ mol ;

FeÀ ˜ + Ti ! FeÀ ˜ À Fe5= Ti + Fe; (3)

Q = 7 8 : 8 0 kcal/ m ol;

FeÀ ˜ + N ! FeÀ ˜ À N; (4)

ni tro gen in front of the crysta l Q = À 7 : 9 4 kcal / m ol ,
on the surf ace of the crysta l Q = À 6 4 : 9 2 kcal / m ol,
inside the crysta l Q = À 8 7 : 3 0 kcal / mol ;
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Fig. 1. Energy diagram for the reaction of titanizi ng the iron.

FeÀ ˜ + C ! FeÀ ˜ À C ; (5)

carb on in front of the crysta l Q = À 1 1 7 :7 8 kcal / mol ,
on the surf ace of the crysta l Q = À 2 2 2 : 2 kcal / m ol,
inside the crysta l Q = À 3 0 1 : 0 0 kcal / mol ;

FeÀ ˜ + O ! FeÀ ˜ À O; (6)

oxygen in front of the crysta l Q = À 4 8 : 1 4 kcal / mol,
on the surf ace of the crysta l Q = 8 0 : 1 6 kcal / mol ,
inside the crysta l Q = 4 4 :5 3 kcal / mol ;

FeÀ ˜ À C + Ti ! FeÀ ˜ À Fe5=Ti À C( 0; 0:25; 0:25) + Fe; (7)

Q opt im um = À 17:74 kcal / mol ;

FeÀ ˜ À N + Ti ! FeÀ ˜ À Fe5=Ti À N (0; 0:25; 0:255) + Fe; (8)

Q optimum = À 878:37 kcal / mol .
Num bers given in bra ckets represent the reacti on form ati on of the analysed

system s and the lowest value of the energy.

4. Co n cl usion s

1. The therm odyna m ic analysis show tha t the system com posed of the i ron,
ti ta nium , and ni tro gen ato m s, 15FeÀ ˜ À N{ Fe5/ Ti (0 ,0.25,0.255), is energet-
ically favo urable.

2. From the vi ewpoint of adhesion the ni tri ding, before the pro cessof depositi on
of the ti tani um coati ngs on the steel substra tes, is a beneÙcial trea tm ent.
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3. The results obta ined do agree wi th experim enta l results [14{ 17].

4. The techno logies for produci ng steel, wi th properti es im pro ved as a resul t
of trea tm ent by ni tri ding and the form atio n of the ti ta nium layers, have
been al ready devel oped; e.g. Ti (N, C,O) by the PACVD{ W IMP techno logy,
devel oped in the Insti tute of Preci sion Mecha nics, W arsaw.
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