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Abstract

¢ Prediction of the dissolution kinetics of precipitates is important in
: various metallurgical processes such as welding, homogenization,
and preheating of the age hardenable alloys. The problem of
. spherical particle dissolution is a moving boundary problem, which
has no exact solution yet. In the present study, a numerical model
: based on the differential quadrature method is presented to solve
the problem of precipitate dissolution with spherical geometry in a
: matrix with finite dimensions. In the proposed model, the
. dissolution Kinetics is expressed as a function of the volume
fraction of the precipitate, the concentration of the alloying element
. in the matrix, and precipitate, equilibrium concentration at the
precipitate /matrix interface, and the annealing temperature. The
convergence of the presented numerical model in solving the
¢ dissolution problem is evaluated by examining the effect of time
step size and number of grid points on the numerical solution

results. The accuracy of the proposed model is also evaluated by
comparing the model results with the results of an approximate
analytical model as well as experimental data. The results show

points and is in good agreement with the experimental data related
" to the dissolution of spherical precipitates during isothermal

annealing treatment.
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Numerical modeling of dissolution process of spherical precipitates in alloys by ...

Extended Abstract

1. Introduction

Secondary phase precipitates are present in
the microstructure of many engineering
alloys. It is well known that size, shape,
volume fraction, and spatial distribution of
the precipitates have a great influence on
the mechanical behavior and corrosion
resistance of these alloys. The components
made from age hardenable alloys are
subjected to different thermal cycles
during the production processes, which
affect the precipitated particles via the
precipitation, coarsening or dissolution
processes  [1]. The  process  of
precipitation/dissolution  of  secondary
phases in alloys is a diffusion-control
problem with moving boundaries (Stefan
problem) [2], in which to find the
distribution of solute atoms in the alloy
matrix, the partial diffusion equation
(Fick's second law) must be solved in a
domain with moving borders.

In the present study, for the first time, the
differential quadrature method (DQM) has
been applied to solve the problem of
spherical precipitate dissolution in an alloy
matrix with finite dimensions.

2. Numerical modeling

The problem of spherical precipitates
dissolution, can be considered as a sum of
two events, diffusion of the alloying
element from the particle/matrix interface
into the surrounding matrix and the
migration of the particle/matrix boundary,
which are governed by the following
differential equations [2]:
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where C, Cp and C;,; are the concentration

of the alloying element in the matrix,
precipitate, and particle/matrix interface
respectively. D is the diffusion coefficient
of the alloying element in the matrix, p is
the radius of the dissolving precipitate and
R is the radius of the surrounding matrix.
To solve the dissolution problem, Egs (1)
and (2) with the following boundary and
initial conditions are considered:

c(r,0) =C, p)=r<R 3)
Clp(®),t) = Cint t>0 4)
z—f(}?,r)=0 t>0 (5)

The above set of equations are
reformulated using a new spatial
coordinate, & to fix the position of the

particle/matrix interface,

_r=p(®
$ =R ©)

The equations in the new coordinates with
the corresponding boundary and initial
conditions are discretized using the DQM
[3] in the spatial domain. To do so, a
Lagrange interpolation polynomial is used
along with the Chebyshev—Gauss-Lobatto
grid points distribution. Also, a fully
implicit finite difference method is used to
discretize the equations in the time
domain. Finally, the obtained non-linear
system of algebraic equations is solved
using the simple iteration method.

3. Results and discussion

In order to evaluate the convergence and
accuracy of the proposed method, first the
independence of numerical solution from
the number of grid points and the time step
size are examined. Then, the predictions of
the presented model are validated with the
results of an approximate analytical model
and laboratory data. The mesh independent
results are achieved at grid points number
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of N =10, and time step size of
At = 1072 s. Also, the convergence of the

proposed method can be clearly seen by
increasing the number of grid points from
5 to 10, and time step size from 0.5 s to

1072 5. The variation of precipitate size

and distribution of the alloying element in
the matrix surrounding the precipitate,
during the dissolution process are
predicted using the numerical model, and
the results are compared with the Whelan
analytical model [4]. It is found that, in the
early stages of the dissolution process there
is a very good agreement between the
results of both models, which indicates the
accuracy of the proposed model. However,
at longer times the dissolution rate
predicted by the Whelan model is higher
than that of the numerical model. This can
be explained by considering the
dependence of the dissolution rate on the
difference between the alloying element
concentration in the matrix and the
equilibrium  concentration  of  the
particle/matrix interface. Since in the
Whelan model, the dissolution of spherical
precipitates in an infinite matrix is
considered, this concentration difference is
assumed to be constant. While in the
numerical model, finite matrix s
considered, which results in increasing the
mean concentration of the matrix, and
reduction of the concentration difference
between the matrix and the particle/matrix
boundary. Therefore, the dissolution rate
predicted by the presented numerical
model is less than the dissolution rate
obtained from the Whelan model.

Finally, the experimentally measured
volume fraction changes of silicon
particles in Al-0.8 wt% Si alloy during
annealing at 530°C [5] is compared with
the results of the proposed numerical

Journal of New Materials. 2021; 11 (43):1-22

model and the analytical model. As can be
seen, the results of the proposed model are
more consistent with laboratory data,
which indicates a higher accuracy of the
numerical model in predicting the
dissolution kinetice  of  spherical
precipitates.

4. Conclusion

Mathematical modeling of the dissolution
process of precipitates in a metal matrix,
requires solving the Fick’s partial
differential  equation  with  moving
boundaries. In the present study, using the
front fixing method, the solution domain
with moving boundaries is transformed
into a new domain with fixed boundaries.
Then, the governing equations are solved
by combining the differential quadrature
method and the Euler implicit method. The
proposed model was used to predict the
particle dissolution kinetics in the Al-0.8%
Si alloy. The results obtained from the
calculations show that the presented
numerical model converges with a low
number of grid points and is in good
agreement with the experimental data.
Also, there is a good consistency between
the results of the numerical model with the
approximate analytical solution in the early
times of the dissolution process.
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