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Chemical compound formation and diffusion — as
parallel processes in grain boundary
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The new model of grain boundary diffusion is developed taking into account the

simultaneous grain boundary diffusion (in Fisher-Gibbs approximation) and chemical
interaction, which leads to the formation of the molecules MN type in binary system. The

evaluation is made of “reaction” effect on the rate of the whole process.
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Introduction

The Fischer’s model' is the base of the standard description of
the diffusion along grain boundary (GB) with leakage to grain bulk.
Various versions of calculation diffusant concentration field were
realized: for self diffusion and hetero diffusion, with a grain boundary
segregation®3 and formation of atomic complexes in GB,** for various
temperature areas’ and various structural types of GBs.* It may seem
strange, but the model describing influence of chemical processes in
GB, which bind a part of diffusing atoms, on the rate of their moving
in GB wasn’t developed. Though the experimental fact of grain
boundary diffusion (GBD) delay due to precipitation of nanoparticles
in GB is well-known, it is usually connected with the idea that fine
particles which are formed in GB reduce the section of boundary and
diffusive flux. The direction of this investigation is the development
the Fisher’s model of GBD taking into account simultaneous chemical
interaction of diffusive and matrix atoms in GB. The events of this
kind — parallel carrying out two processes with participation of the
same atoms — are well-known in heterogeneous kinetics.” As a typical
example of those processes it can be considered the steel nitration
process.

Model

Let’s consider a bicrystal sample consists of substance M — two
grains with grain boundary in the middle. The thickness of GB is &
(Figure 1). The substance N is diffusing impurity which can diffuse
along GB. We propose there are three processes during GBD at the
same time: two correspond to Fisher’s model - advanced diffusion of
N atoms in GB and leakage to the bulk - and the third, connected with
forming in GB of a chemical compound of MN_ type. Further we
will restrict our consideration to the simplest case of MN compound.
For description of the first two processes we use Fisher’s model:
GB is located normally to external surface, the substance N moves
from a surface where its concentration ¢, = const, along GB (on y
axis), with diffusion coefficient D,, and also run from GB into grain
bulk (along x axis) with coefficient D<<D, (Figure 1). Let’s keep
all assumptions of Fisher’s model, corresponding to the B - regime

according to Harrison /7/: width of GB is & << Dt , where 1 is the
time of diffusion annealing, we will neglect direct diffusion from
the surface to the bulk. Let’s describe a process of formation of MN
molecule in GB as a chemical reaction:

'

M+N—5MN (1)

N

y

Figure | N diffusion in GB with leakage to the bulk, 6 — the GB thickness.

According to the theory of simple collisions /9/ the reaction rate v
can be described as:

dcp
dt

Vv =

ke (M)c (N) 2)
b b

where ¢,(M) and c,(N) — are the concentrations of M and N in GB,
and k' — constant of the process rate (1). In a bulk we neglect formation
of MN compound. As c,(M)=const, instead of (2) it is possible to
write:

v=ke, (N) 3)
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where k = k c, (M) .Taking into account reaction (3), Fisher’s

equations will look like:

2
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Here c is the concentration of the element N in a grain bulk. The
third term of sum in the right part of equation (5) describes reduction
of concentration of diffusing element in GB due to the binding of part
of N atoms — this is a new element of the model. The second term of

the sum, as well as at Fisher’s model, describes leakage of N atoms
from GB to the bulk. s is a segregation factor
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Results and discussion

Solving the equation (4), and, according to the Fisher’s

. . . 0q .
quasistationary condition, assuming ~ 4 A = 0, we receive instead of

the equation (5)

d’cp

k
P *(* W)C = @)

k
The equation (7) differs from the usual Fisher’s by the term (-
b

) which describes contribution of chemical interaction in GBD. The
solution of the equation (7) looks like

- Y
¢, =c exp( Lj ®)
where
LiLp
L 1/2 ©)
(L§+L2D)
D
L="" (10)
k
and

2 sﬁDb\/;
D 2\/5

In these equations — L, is diffusion length or usual Fisher’s length,
i.e. distance on which concentration of diffusing substance decreases
in “e” times owing to GBD and outflow, and L, - kinetic length -
concentration decreases due to formation of a chemical compound
MN. Linear dependence of /nc, upon y remains, but as L +L >L |
diffusion at GB is slowed down. In accordance with the system (8—11)

we can introduce two limiting regimes of GBD. In the first the rate of

an
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diffusion is controlled by atom movement in GB and leakage to the
bulk (diffusion regime). In the second — by reaction of MN molecule
formation (kinetic regime). The border between these two regimes
can be found from the condition £, = L, . We can transform L , from
(1) to

=raD 1 (12)

5O
>JD1 is a dimensionless parameter introduced by
Le Claire'' For GBD in B-regime (according to Harrison /7/) a < 0,1

We evaluate L, for7=0,5 Tm, t=306°10sand ¢ <0,1.To
estimate D, we use empirical rule'

E,
Db = exp [—??j (13)

where D, = 10° m’s' and E, = 9RT . Consequently,
D ~1,510 " m’s™ 2 >10""m? and L >10"m. To evaluate L, we
b D D

In(12) @=

need the value of k, which is unknown. We use the next consideration.
To form a molecule of compound MN, the solute atom N has to jump
and form the bond with solvent atom M. Other words it is necessary to
overcome the potential barrier which is also unknown. Naturally, we
assume that the rate constant £ is less, than the atom jump frequency

(T',) in grain boundary. To evaluate the I', value we remember that
2

. . a
in cubic crystals D=—

B I', where a is inter atomic distance. For
simple metals a = 0,4nm and I' =

12D, _ 07 B
, S - s (fOI' T =0,5 Tm).

a
(14). Equalizing L, from (10) and L, from (12) with & < 0,1 anda=
0,4 nm we recue

* 24107
r+

Where k" is the k-value which corresponds to L, = L p —the border
between diffusion and kinetics regimes. One can see that increase of
temperature and annealing time leads to decrease of £". Now we can
examine c,~dependence on the penetration depth using the system of
equations (8 —11) with above evaluated values of L, L, and k", the
results are shown on Figure 2. From Eq. (15) it follows that £* depends
inversely on I" and #. For t=100 hours=3,6°10° s k*=210""/ I" and
with I'=107 57!

k (15)
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Figure 2 c, - dependence on the penetration depth, the line corresponds to
k=k"and L,=L,.The region above the line corresponds to diffusion, and below
— to kinetic regimes.

Citation: Petelin AL, Bokstein BS, Novikov AA, et al. Chemical compound formation and diffusion — as parallel processes in grain boundary. Material Sci & Eng.

2020;4(2):45-47. DOI: 10.15406/mseij.2020.04.00125


https://doi.org/10.15406/mseij.2020.04.00125

Chemical compound formation and diffusion — as parallel processes in grain boundary

Conclusion

The simultaneous realization of GBD with cleavage to the bulk
and “reaction” of molecule MN type formation in binary system is
discussed. It is shown that we can introduce two limiting regimes —
diffusion and kinetic. The estimations show that the formation of MN
molecule slows down GBD. Do not taking into account the kinetic
correction, we obtain the data for sdD,, which are less then true ones.
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