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Abstract

This paper presents a numerical method to determine the concentration profile during the aluminization process. The
quantitative description of the diffusion controlled Chemical Vapor Deposition (CVD) of the coating formation is shown.
The method is based on volume fixed frame of reference. It allows computing the material velocity in the reacting system
in which reactions at several moving interfaces occur. All reactions lead to the lattice shift due to the difference of intrin-
sic diffusivities and different molar volumes. It is shown that the derived set of partial differential equations describing
the reactive diffusion is thermodynamically consistent and can be used in advanced modeling.
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1. INTRODUCTION

CVD is a technique to improve the oxidation re-
sistance of metallic materials like nickel and iron
based alloys. It is crucial where parts like turbine
blades are operated in a high temperature environ-
ment (Kohlscheen and Stock, 2007) and provides
corrosion resistance at high temperatures and in
corrosive environments (Wood at al., 1987; Goward,
1998). In oxidizing environment aluminum based
coatings provide a self-healing, slow-growing, pro-
tective oxide scale on the surface, which prevent
further oxidation and corrosion (John, Srinivasa et
al., 2004; John, Kale at al., 2004). These coatings are
produced by the diffusion of aluminum into the sur-
face of a component by solid, liquid and vapor proc-
esses. Development of a model for the coating for-
mation is useful to provide a theoretical basis for the
advance CVD technology. In this work the follow-
ing peculiarities are considered (1) the deviation
from local equilibrium at both interfaces of each
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moving inter-phase zone (i.e., at each side of the
moving phase-boundary); (2) different mobility of
the components in the interphase zone; (3) nonzero
steps of molar volumes for each component from
phase to phase and (4) different physicochemical
properties of the interphase zones.

The bi-velocity (Darken) method is commonly
accepted in materials science, where two velocities
are always necessary to quantify the Kirkendall shift
in solid solutions (Darken, 1948; Danielewski and
Wierzba, 2010). The method is based on the postu-
late that each component’s velocity must be divided
into two parts: (i) the unique diffusion velocity,
which depends on diffusion potential gradient (Bal-
luffi at al., 2005) and is independent of the choice of
the reference frame; and (ii) the drift velocity, which
is common for all components and depend on the
choice of the external reference frame.

In this article the effective use of the bi-velocity
method and practical applications in the multiphase
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systems as well as the quantitative description of the
diffusion controlled processes from nano- to meter
scale during the coatings formation is presented.

2.1. The conservation of mass

The core of the bi-velocity method is the mass
balance equation:

oc’ ) ) ) )
8—1+V-(Cijdul/ +c/ DUJ)ZO
t

fori=1,2,..,r and j=0,1,...,n €))

where ¢/ denote concentration of the i-th compo-
nent in the j-th phase, “J J=c/ duij is diffusion flux
and duij , P’ are the unique diffusion and the drift
(Darken) velocity.

The component diffusion flux, dJl.j zcl.j dul.j ,
should be expressed by the proper constitutive for-

mula. In this work the Nernst-Planck flux equation is
used (Nernst, 1889 and Planck, 1890):

v/ =-B/Vu/, @)

where: Bl.j denote the mobility of the i-th compo-

nent and ,ul:f is the diffusion potential, defined e.g.

as a sum of chemical and mechanical potentials
(Danielewski and Wierzba, 2010):

po= "l =]+ QlpT (3)

The bi-velocity method implies the Darken drift
velocity as a new variable that requires a new gen-
eral relation, Volume Continuity Equation, shown in
next section.

2.2. The Volume Continuity Equation

The Volume Continuity Equation (Danielewski
and Wierzba, 2009; 2010) in case of ’pure” Darken
interdiffusion in j-th phase is reduced to the follow-
ing form (the effects of stress is neglected):

Dy — _le‘j e for j=0,L...,n (4)
i=1

where: Qij is the partial molar volume of the i-th

component in the j-th phase.

2.3. Initial conditions

Initial conditions are arbitrary, e.g., can be given
by any known functions:
1) arbitrary initial distributions of the compo-

nents (in the solid solutions, alloys, only):
¢, (0,x)=c’(x) for i=12,...r (5)
2) the initial thickness of sub-layers (e.g. j-th
phase):
AY(1=0)=X/(R) - X/(L)
3) constant thicknesses of the phase boundary

for j=0,...,n

zones, &’

2.4. Boundary conditions at interfaces of the
phase boundary

On each interface of the phase boundary zone
one can postulate the para- or ortho-equilibrium
conditions, figure 1. The boundary conditions are
used to calculate the concentrations of the compo-
nents on each side of the phase boundary zone and
to calculate the reaction rates of each phase.

phase j Interface phase j+1
J2 JIT) Ji
= < ] <& ]
W(R)y=p(Ly | "
// —
/!:j//
) )
( X X'+ (

Fig. 1. Schema of the heterogeneous solid state reaction in the
multiphase system. Mass transport within the phase boundary.
The nanometer phase boundary zome between neighboring
phases where on both interfaces the ortho-equilibrium condi-
tions hold.

The volume produced due to the reaction (unbal-
anced fluxes) at the moving boundaries of j-phase
follows from Leibnitz theorem and is given by:

D¢/l X/ (R)=2. (¢/Q] v/ +¢/Q/ v )(R) -

Zi(<cl:iQ{> dUl:i + <Cl:iQ'if> DU")([) , (6)

- 365 -

Ll
O
Z
=
0
%!
%]
—
<
4
=
<
=
Z
%)
a)
o
T
&
=
e
=
>
o
=
o
v




l
O
Z
=
)
%]
%]
—
<
&2
=
=
Z
%)
(@)
Q
I
&
=
a2
ol
=
2
[
=
Q
o

INFORMATYKA W TECHNOLOGI MATERIALOW

where

Zi(ciij 0 +c/Q Duj)(R) and

Zi(<csz{> v/ +<c,.jQij> Pu’ )(1) denote  the

volume fluxes at the right (R) boundary of j-phase
and within the interphase (I), boundary zone, respec-

tively, X/ =dX’ / d¢ denote the velocity of the j-

phase right interface.
The mass balance at moving interfaces can be
written as:

(c/(R)~{e/(1)) X =
JIR) =T/ (1) =(/(D)) Po(1), ()

(L) ~{el(1))) X' =
JI (@)= )= (D) Po(1), ®

For i = 1,...,r j = 0,...,n, where cij(R) = cl.j(Xj(t))

denotes the concentration of the i-th component at

the right side of the j-th phase and dJl.j (I ) is the

time dependent diffusion flux in j-th boundary zone

(interface), namely for x € (X"(t),X’(t) +6’ )
The j-th phase volume follows from Eq. (6):

)}j o (c’vji»lQlji»ldUlji»l +C/HQ,,M DU/+\)(L)_(CT}QI} dU/ +c(jQIj DU/)(R)
= Z’C, i Ci/‘HQ‘/‘H (L)fC"/Q;./ (R)

©
The phase thickness may be calculated from Eq.
9):
AT = x7 - x| [Xf“— ij dt

forj=0,..,n-1 (10)

In the phase boundary zone the diffusion fluxes
are expressed by the Nernst-Planck formula, figure
1:

dJij(]) = _B;j([)cij([)vﬂij(l) -

1

A A J(R)— p/"'(L
B.f(])c.f(l)'ul( )51”1 By
where B/ (] ) is the invariant i-th component mobil-
Cl-j([) for

ity in the boundary zone;

xe(Xj(t),Xj(t)Jré'f) denotes the constant i-th
component concentration; z/*(L )=/ ”(X (t)+67 )
and u/(R)=pu/ (X J (t)) are time dependent chemi-

cal potentials at the interfaces of the j | j+1 phase
boundary zone'.

The driving force in Eq. (11):
E.j(l):(uf(t,R)—,Ll,-j+1(l,L))/5j is due to the trans-

port through the phase boundary and depend on
thermodynamics of neighboring phases. Thus, in-
stead of a postulate of local equilibrium between all
components at the phase boundary the ortho-
equilibrium at both interfaces of the phase boundary
zone is postulated, figure 1.

The diffusion flux in the phase boundary zone is
now determined by the deviations from the equilib-
rium at interfaces and by the transport properties of
the phase boundary zone:

B/(1)e/(1)
E

Bi(1)es(1)
é‘/

(N = NP (L)) ML (L) " = (N = N{(R))NS(R) 2" )

(Nt = NS (L)) NP(L) " = (VY = NA(R)) N/ (R) 2" )

(12)
3. RESULTS

The Ni-Al binary system has several intermetal-
lic phases (Ansara at al, 1997). Two of them (B-NiAl
and y’-Ni;Al) are considered here. The data used in
simulations are shown in table 1. According to
Campbell (2008) the interdiffusion coefficient in -

NiAl depend on concentration. In this work the inte-

gral interdiffusion coefficient ﬁfv’:.;, basing on

Campbell approximation is used. The thermody-
namic function g was calculated based on the esti-
mations by Ansara et al. (Ansara et al, 1997 and
FactStage).

For proposed model evaluation, the concentra-
tion profile during the reactive diffusion in Al-Ni
system was investigated experimentally. Samples of
pure nickel, 99.99% purity, were used for the ex-
periments. Specimens with dimensions 20x10 mm
were cut from nickel foil 2 mm thick. The CVD
(Chemical Vapour Deposition) process was carried
out in the commercial apparatus: CVD BPXpro
3258 in Research and Development Laboratory for
Aerospace Materials in Rzeszow.

'In this work it is assumed that the phase boundary zone has constant
thickness denoted by &.
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Table 1. Thermodynamic and kinetic data used to simulate

simplify the calculations 2 hours of diffusional an-
reactions in Ni-Al system at 1273 K.

nealing at 1273 K instead of cooling procedure at

variable temperature was assumed). A

Thermodynamic Int 1 p .
Molar | Molar funct?on . nd?t(“éftla' Interdiffusion | 9004 agreement of the values calculated
Phase. | “ratio | ratio mene o | coefficient within for 2-hour annealing with experimental
j o'g / oN?, ~coefﬁc1ent, the boundary zone - g p
Nyi (L) | Nxi(R) lkg o’ s7] D}, ,, fem’s™] [em’s] data is seen.
. -12
Ni 1 0.85 4.24 10 1.7e-11 3. CONCLUSIONS
AINi; | 077 | 0.725 | 2.40418 10 29210 9.2¢-11
AINi | 0.625 | 045 | 1.1848510" | 155107 8.8¢-11 In this paper the original bi-velocity
- method and the effective use of the vol-
Al 0 0 2.1510™ . .
ume continuity equation was presented. It

The substrates were cleaned and dried prior to
the experiment, then were suspended in the center of
the reactor. Aluminum chlorides from an external
bath were used as Al precursor. The substrate tem-
perature was 1273 K. The processing time was 2.5h.
After this time the AICl; supply was stopped. The
sample was cooled for 24 hours in a hydrogen at-
mosphere to avoid the oxidation. Than, the samples
were removed, cleaned thoroughly in cold water and
dried. The transverse sections of the selected speci-
mens were observed in an optical microscope and
the thickness of the various layers were measured
using a Nikon microscope EPIPHOT 300. The lay-
ers compositions were evaluated using scanning
electron microscope (EDX), the phase compositions
were determined by X-ray diffraction (XRD).

T=1273 K, t = 2.5h CVD + 2h annealing

100 p - phase v-phase y-phase )
N W
80
x 70
= a0 Qe Experiments
T 60 e ) .
c ] o Ni
O 504 o Al
5 40 =— Simulations
5 1 ML O
o 30
=
o
o 20
10
0

T T T T T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24 26
distance, um

Fig. 2. The concentration profile after the CVD process. Dots
show the experimental results and line are simulations.

Figure 2 show the results obtained during the
commercial CVD process followed by the cooling
procedure. The dots refer to the experimental con-
centration profile, the lines show the simulation. The
aluminization process was performed for 2.5h than
the 2h of the diffusional annealing was calculated (to

was shown, that the volume continuity equation
allows defining the material drift velocity and can be
used in practical computations. The commercial
aluminization process, CVD was successfully mod-
eled. The transport at nanoscale by considering the
processes within the phase boundary zone was ana-
lyzed.

Presented method allows quantitative description
of the diffusion controlled processes, the diffusional
coatings formation, the life time of the material, i.e.,
the critical consumption of the reacting element. The
resulting system of physical laws, initial and bound-
ary conditions (i.e., the initial boundary value prob-
lem) allows using the bi-velocity method in a case of
non-ideal systems.
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REAKCYJNA DYFUZJA WZAJEMNA;
MODELOWANIE PROCESU CVD

Streszczenie

W artykule zaprezentowana zostala metoda wyznaczania
profili stgzen podczas procesu aluminizowania. Pokazano ilo-
$ciowy oraz jako$ciowy opis tworzenia powlok metoda osadza-
nia chemicznego z fazy gazowej (CVD). W niniejszej pracy
zaprezentowano rozwiazanie w ukladzie odniesienia jakim jest
sie¢ krystaliczna materiatu. Takie podejscie pozwala na wyzna-
czenie predkosci materiatu uwzgledniajac wiele poruszajacych
si¢ granic migdzyfazowych. Przesuwanie si¢ granic faz jest
wynikiem réznicy we wspotczynnikach dyfuzji oraz objgtosci
molowych tworzacych si¢ faz. Pokazane zostato, ze przedsta-
wiony model opisujacy dyfuzje¢ reakcyjna jest zgodny z termo-
dynamika proceséw nieodwracalnych i pozwala na modelowa-
nie ztozonych uktadow wielofazowych.
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