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In this paper the kinetics of nitriding has been investigated using both computer modeling and analytical solution of the
diffusion equation. Mathematical modeling of diffusion processes had been realized with taking into account the for-
mation of new phases and existence of movable boundaries between them. A good agreement between the numerical
modeling, analytical modeling and experimental results has been obtained.
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INTRODUCTION

Mathematical modeling of diffusion processes had
been realized by solving the basic differential equations
of diffusion for relevant boundary and initial conditions.
Depending on the nature of the problem, analytical or
numerical approaches were used. Analytical solutions
are simpler, but they are applicable only for ideal initial
and boundary conditions. The most realistic analytical
solutions can be obtained by applying the boundary
conditions of the third order. Previous models [1-3] of
nitrogen diffusion in titanium allowed obtaining the
concentration profile only for the diffusion zone, with-
out accounting the formation of compound layer. In this
approach one can determine the approximate thickness
of the nitrided layer, but it cannot be said nothing about
the distribution of nitrogen concentration in the com-
pound layer.

In this paper we took into consideration not only
the processes in the diffusion zone, but also the growth
and evolution of new phases. In order to account the
phase structure of the compound layer, the diffusion
problem with two moving boundaries has been solved
both numerically and analytically.

1. NITRIDING KINETICS

We have used a simplified physical model of the
formation and growth of the nitrided layers in the
titanium [4]. The model is constructed taking into account
the reaction-diffusion processes at nitriding temperatures
below P-transformation, i.e below 882 °C (Fig. 1). After
absorption by the sample surface, the nitrogen diffuses
into the bulk and forms the concentration gradient. Thus,
the nitrogen is introduced into a-phase in the surface
layer which is called a diffusion zone a(N). After
reaching the solubility limit 7.6% for zone a(N), see
Fig. 1, the new Ti,N-phase starts to form. When the
concentration of nitrogen reaches 12.8%, that is the
solubility limit for Ti,N-phase, the Ti,N-phase transforms
to TiN. As a result the surface layer consists of phases
TiN, TioN, a(N) and o-titanium as it is schematically
shown in Fig. 2. Therefore, in proposed model we take
into consideration that besides the diffusion zone o(N)
there is a compound layer, which consists from TiN and
Ti,N. In addition, we should take into account that the
boundaries between the above mentioned phases are
movable.
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The presented model allows for above-mentioned
requirements and gives a possibility to simulate quanti-
tatively the kinetics of the formation of nitrided layers
under different experimental conditions.
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Fig. 1. Binary Ti-N phase diagram
2. ANALYTICAL MODEL

Let us consider one dimensional case, wherein the
concentration varies only along axis x [5-7]. The process-
es in each phase are described by equations:

2
%: Di% Ji=a,y,¢,
where D; — diffusion coefficients.

Separate our problem into two stages.The first stage is
a formation of a-phase and processes on the surface of
the metal. For this stage we write the initial and boundary
conditions:

2.1)

C(x,0)=Cy, 0< x <0, (2.2)
Dac(o,t) :a(C(O,t)—Ceq), t>0, (2.3)
C(x—>oo,t)=0,t>0, (2.4)

where o — kinetic constant of reaction.
The solution of the diffusion equation for a-phase
with conditions (2.2)-(2.4) is:
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It will take some time t until concentration on the sur-
face reaches C,. This value is maintained during the pro-
cess. Such behavior of the concentration on the surface is
caused by the absorption effects. Schematically, it is
shown on Fig. 3.
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Fig. 2. Scheme of the phase growth during nitriding
of the titanium

Time t” can be obtained from the transcendental equa-

tion:
C —C 2* *
s = =exp ot -ErfCa/t— .
CO_Ceq Da sz

Derive the concentration distribution at the beginning
of the second stage by substituting this value of time into
the solution (2.5).

The second stage includes the formation and growth
of new phases. It is needed to redefine the solution for a-
phase, to find solutions for y-, and e-phase and also to
find interphase boundary motion equations. Usually the
solutions can be found in such form:

Ci(x.t)=A +B; -Erf [ﬁ] ,

where A; and B; — constants, which are determined from
boundary conditions. Write these boundary conditions:

(2.6)

2.7)

C — .
{ a(é:Z't) Cay' (2.8)
Ca(oo,t)zo;
C t)=C,;
7(‘51) bz 2.9)
C7(§2,t):Cm;
CS(O,t)zCS,
{Cg(fl,t)zcgy. (210)
Then
C,(xt)= = ErfC{ a ]
Erfc( & j 2Bt (2.11)
2Dt
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Fig. 3. Scheme of the concentration growth on the
surface during the first stage

C, (xt)=Cyp - 5 e x

ye
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2 Dyt 2 Dyt (2.12)
W Erf| — | Erf| X

c, -C X
Cp(xt)=Cs+—L— -Erf[ ]
Erf[ 4 J 2ot) (213

Zngt
0<x<4.

The phase boundary, as it is known, is shifted propor-
tionally to the square root of time:

51,2 = 2b_l.,2\’Dg,;/t' (214)

We have two pairs of equations for determining the
unknown coefficients of by ,. The first pair of equations
(2.13) and (2.12) describes the concentration distribution
in the - and y-phase.

The second pair of equations is a balance equation on
the boundaries of phases:

d& _ oC, G
(CW_C%S)E__ E(E . +D, X .

» (2.15)

ds oCy oc
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Derive two transcendental equations for determining
b1, by substituting (2.12) and (2.13) into (2.15):

C,y~Cp = Gy -
‘ hexp blz Erf (Iy
B cyg—cyg ) () (2.16)
Vb e (i JErt (/o)
C,-C
C,u—Cqy = I -
Jrh,exp(b? ) Erf (b
e 0
NE fﬂzeXp(bzzl/’z)Erf (bZ\M)
where ¢ =D, /D,, =D, /D,.

Thus, the positions of interphase boundaries &, can
be obtained from (2.14) if we determine the values of b, ,
from (2.16) and (2.17) at a given time. And if we know
the positions of interphase boundaries the concentration
profiles can be calculated in each phase from, (2.11)-
(2.13).
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3. RESULTS

For comparing the calculated results with experi-
mental ones we have used the data about microhardness
distribution along a depth of Ti plate after nitriding in
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Fig. 4. Comparison of simulated and experimental re-
sults

non-self-maintained gaseous discharge [8]. The correla-
tion between concentration and microhardness is given
by expression [9]:

H-Ho  C-Co

Hs-Hp GCi-GCo
where H — a microhardness value at a given point, Hy — a
microhardness value at infinity (microhardness of pure
material), Hs — a surface microhardness, C — a concentra-
tion value at a given point, Co — a microhardness value at
infinity (initial concentration of working gas in the sam-
ple), C, — a concentration at the surface. We have sug-
gested for calculating that Cy = 0 and Cs = 0.2. The dura-
tion t of the nitriding process was set equal to 20 minutes
as it was in experiment carried out in [8].

As it can be seen in Fig. 4 the simulation is in good

agreement with experimental results.

(3.1)

CONCLUSIONS

The diffusion problem with two moving boundaries
has been solved both numerically and analytically. A
good agreement between the numerical modeling, analyt-
ical modeling and experimental results have been ob-
tained.
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MOJAEJIUPOBAHUE JU®DY3UUN I'A30B B METAJLJIBI HA IIPUMEPE A3OTUPOBAHUS TUTAHA
B HECAMOCTOSTEJBHOM I'A30BOM PA3PSIE

H.A. Mucupyk, A.U. Tumowenxo, B.C. Tapan

VccnenoBana KMHETHKA a30TUPOBAHUS KaK C HCIOJIB30BAHHEM KOMIBIOTEPHOIO MOJCIHUPOBAHUS, TaK U aHAIUTH-
YECKH, ITyTeM peleHns AndQy3HoHHOTO ypaBHEHH. MojennpoBaHue nporeccoB Auddysun peaar30BaHO ¢ yIeTOM
(hopMupoBaHUs HOBBIX (Da3 M CyIIECTBOBAHMS MOABIKHBIX TPAHUI] MEXIy HUMH. [ToydeHo Xopolee COOTBETCTBHE
MEXTy YHCIIEHHBIM MOJICIIMPOBAHNEM, AHATUTHIECKUM MOJIEIIMPOBAHNEM M SKCIIEPHUMEHTAIBHBIMU PE3YJIbTaTaMH.

MOJIEJTIOBAHHSA JIU®Y31i TA3IB Y METAJIM HA TIPUKJIAJII A3OTYBAHHS TUTAHY
B HECAMOCTIMHOMY I'A30BOMY PO3PSI/II

1.0. Micipyk, O.1. Tumowenxo, B.C. Tapan

JlocimipKeHo KiHETHKY a30TyBaHHS K 3 BUKOPUCTAHHIM KOMITTOTEPHOTO MOETIOBAHHS, TaK 1 aHANITHYHO, IJITXOM
po3B’s3aHHA Au(y3iiHOTO PiBHAHHA. MoaemoBaHHA nporeciB udys3ii peai3oBaHo 3 ypaxyBaHHSIM (HOpMyBaHHS HO-
BUX (ha3 Ta iICHYBaHHS PyXJIMBHX IPAHHUIE MK HUIMH. OTPUMAaHO XOPOIITY BiAMOBITHICTh MiXK YHCEIIFHIM MOZETIOBAH-
HSIM, aHAJTITHYHAM MOJICITIOBAaHHSM Ta €KCIIEPUMEHTAIbHUMH Pe3yIbTaTaMu.

230

ISSN 1562-6016. BAHT. 2015. Nel (95)



