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Abstract

The growth of solid particles during liquid phase sintering was modeled by the Cellular Automata
method. The binary phase diagram and Fickian approach for the diffusion process were applied to
simulate the chemical composition variation in liquid and solid phases during sintering. The Oswald-
Ripening effect was considered during the dissolution of the solid phase in the liquid phase. It is used to
define the probability of solid-phase dissolution by the liquid phase and develop the model to simulate the

alloy with solid solubility. So, the microstructure could be modeled in the liquid phase sintering process.
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Introduction

One of the known densification methods in powder metallurgy is the liquid phase sintering (LPS). It is
possible to design some metals 3D printing based on liquid phase sintering densification. So, it is
instructive if there is an efficient computational method to simulate the microstructure of the LPS process
at different temperatures. Metal 3D printing is rapid prototyping, and it can be beneficial for producing
non-structural applications for design purposes [1]. ASTM Standard F2792 has categorized additive
manufacturing processes as Directed Energy Deposition (DED) and Powder Bed Fusion (PBF). Recently,
metal 3D printing gains more attention, and the physical and mechanical properties of the printed sample
were experimentally studied [2—7]. There are limited examples of 3D printed samples ready for
application without additional postprocessing [8, 9]. So, most printed samples need additional
postprocessing [10, 11]. There are some computational facilities and models for process modeling of

DED and PBF 3D printing methods [12, 13]. But we do not have a model for considering LPS for the

© 2020 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202009.0262.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 September 2020 doi:10.20944/preprints202009.0262.v1

metals 3D printing technology. Liquid phase sintering of two metals or alloys could provide some useful
manufacturing methods for the metals 3D printing and the 3D printing of metal matrix composite with or
without postprocessing.

The presence of the liquid phase in the LPS method is the key parameter that has the role of activation
in the diffusion process. In this method, the temperature during sintering is selected between the two
elemental melting points of mixed powders. So, the element with a low melting point is melted. It is the
first stage of the liquid phase sintering. In the second stage, solid particles are partially dissolved by the
produced liquid phase. Solid particles start to dissolve from their higher energy points on their surface.
Consequently, the low size particles (higher surface curvature) are thoroughly dissolved in the liquid
phase, and it helps the growth of the larger solid particles. It is the so-called Oswald-Ripening effect. The
two important parameters of the liquid phase sintering process are the wetting conditions of the solid
particles by the liquid phase and the solubility of solid particles into the liquid phase. At a specified
temperature, solidification of the liquid phase is the function of the chemical composition of the liquid
phase [14].

The growth mechanism and the shape of the solid particles depend on surface energy. Solid particles
with anisotropic surface energy (i.e., WC particles in Co liquid) have the preferential growth on the
special crystal planes. These kinds of solid particles have spatial geometry with flat surfaces. If the
surface energy of the solid particles is isotropic, no preferential crystal planes exist for the growth. The
achieved topology of these particles is the non-symmetry sphere [15].

So, the physics of the liquid phase sintering process consists of solidification, dissolution, and diffusion
phenomena in the solid or liquid phases. Metallography of the liquid phase sintered samples reveals the
channel between the two nearest particles or completely attached surfaces of the two particles. The
presence of this channel is related to the penetration of the liquid phase across the two compacted solid
particles. The penetration of the liquid phase is a function of the wetting and dihedral angle [16].

Some stochastic models have been developed to study the changing of physical parameters during
liquid phase sintering. J. Aldazabal et al. introduced the model using the Monte Carlo method [15]. This
model has only considered the precipitation of the solid-phase using the predefined chemical composition
for the liquid phase as the initial condition. So, this model cannot be able to simulate the Oswald-
Ripening effect and the formation of the channel between the adjacent solid particles under the use of the

wetting and dihedral angles concepts. This model relates the presence of the channel between the two
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solid particles to the restriction of their growth by the chemical composition of the liquid phase. Another
stochastic model was introduced by the Po-Liang Liu et al. Their model has focused on the relation of the
wetting and dihedral angle to the penetration of liquid phase across the solid particles.

The present computer model has considered the solution of the solid particles in the liquid phase as a
stochastic process to simulate the Oswald-Ripening effect, but this model can not able to simulate the
penetration of the liquid phase across the two adjacent solid particles. In addition, the pure liquid phase of
the low melting point element, which has completely enclosed the solid particles, was assumed as an
initial condition. The diffusion in the solid particle was modeled because of its significance to determine
the chemical composition at the surface of the solid particles to define the probability of solid-phase
dissolution by the liquid phase. It also develops the model to simulate the alloy with solid solubility
during sintering. This model uses the same physical dimension and time scale for both the stochastic
method and the finite difference method, which are used in solidification/dissolution and diffusion

processes, respectively.

Model description

The differential equation of the diffusion process was solved by the finite difference method. The
solidification and dissolution were also modeled using a stochastic method. Both methods need a
discretized environment. Each discrete part of the model is called an element. At the center of each
element, a node was considered, and the calculation results on each node were extended to its related
element as a mean value.

A weighted coordination number was defined for each element. In two dimensional, each element has
two kinds of relationships with their neighbor elements. In the first case, two neighbor’s elements only
contact by their corners and their faces (Fig. 1). The weighted coordination number of the two contacted
elements by their corners defines 0.25, and it also defines 1 when the two neighbor elements contacts by
their corners. This weighted coordination number can be used as a representation of the surface energy. If
the coordination number of the solid element at the surface of the solid particles increases, the surface
energy at this point decreases. The same relation can be used between the coordination number and
curvature of the surface. So, the higher surface energy and higher curvature are equal to lower

coordination numbers and vise versa. These weighted coordination numbers were used to define the
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probability numbers for dissolution and solidification. Figure 2 shows some possible weighted

coordination numbers of a liquid element relate to its adjacent solid elements.

(@) (b)

Figure 1 - Each square shows the element, a) Elements have only the relation by their corners, and b) Elements have
contact with their faces.
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Figure 2 - Some possible weighted coordination numbers of a liquid element relate to its adjacent solid elements.
The red color is related to the solid elements , and the gray one is the liquid element.

Two numbers were defined between 0 and 1 to set up the stochastic concept in the discretized model.
The first number is related to the dissolution probability of an element at the surface of the solid particles,
and the second number is related to the solidification probability for the liquid elements adjacent to solid
elements.

For the diffusion process, the parabolic differential equation can be solved using a finite difference
method. The differential equation and its finite difference equation of the diffusion process have been

shown in equations 1 and 2, respectively.
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Figure 3 shows the initial physical environment of the model. Each solid particle shown in figure 3 has
its own color as its own characteristic. Each new element added to the surface of the solid particle gains

this color. So, the boundary between the two neighbor’s solid particles can be distinguishable.
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Figure 3 - Simulation environment, blue rounded shapes represent the solid particles, and the white portion shows the
liquid phase.
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For stochastic calculation, only the surface elements of the solid particles and their adjacent liquid

elements attribute to the calculation during each step of the simulation. All the elements must be
attributed to the calculation for the diffusion process in solid or in the liquid phase. And the whole model
must be discretized. Figure 4 shows the discretized model. The time scale of each step can be calculated
by defining the real physical length of each element.

The probability numbers for each physical variable is needed to simulate the solidification or
dissolution of an element. A probability number is defined between 0 and 1 to model the solidification of
a liquid element. Half of the value of this defined probability number is related to the coordination

number, and the rest is related to the chemical composition. During the simulation, a new number is
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randomly generated then compared with that defined probability number. If the value of a randomly
generated number is the lower value of the defined probability number, that pixel changes its state.

Each element of the model has four properties. The first is for the distinction of the phase, solid, or
liquid. The second is for the chemical composition of an element. The third is for the weighted
coordination number, and finally, the fourth is the position of that element.

Result and discussion

As an example, the Fe — Cu system was considered. At the 1300 °C temperature, it was assumed that
the molten Cu has completely enclosed solid Fe particles. The model has 300 pixels in height and the 300
in its width (Fig. 3). Each pixel, which is square, has the 0.5 um length in width and 0.5 pm in height

(Fig. 4).

0.5 win

Figure 4 — Discretization of the model. The magnified part of the model shows the uniform meshing and its nodes.

So, the lowest length scale was considered 0.5 um in this simulation. It was assumed that the value of

2
the diffusion coefficient is 0.55 (47" ¢ only needs to determine the value lower than 0.5 for ai

(Ax)*

in equation 2 to calculate the real-time in each step during the simulation. If 0.01 is considered as the

value of At , then the lowest time scale is equal to 4.5 milliseconds.
(Ax)*
oD _0.55290%5 4
(Ax) 0.5

If we assume that the diffusion coefficient is ten times greater than the solid one, then the value of

_Afi50.1 for the liquid phase. It only needs to put 0.1 and 0.01 for the value of ai

equation 2
(Ax)? (Ax)?

for liquid and solid phases, respectively. If it is considered that the needed time for 0.5 pumx0.5 pm area

of the solid phase to dissolute is about 4.5 milliseconds, it is logical to consider the same time and length
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scales in both stochastic and diffusion processes. Their numbers of calculation’s steps are the same
because of the same time and length scales for stochastic and finite difference calculations.

We must define the rule of the stochastic concepts of the solid particles’ growth after discretizing the
model and defining the length and time scales. Solidification’s probability of the liquid element is
determined based on its chemical composition and its coordination number. The weight percent of Fe in
the liquid was used as the representation of the chemical composition. According to the binary phase
diagram of Fe —Cu, three different conditions can be distinguished for the solidification of a liquid

element (Fig. 5).

Fe-Cu Binary Phase Diagram
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Figure 5 — Binary phase diagram of the Fe-Cu system.

First condition: Fe weight percent of a liquid element has a value higher than the 87.5 wt%. Therefore,
this element has a chance of solidification.

Second condition: Fe weight percent of a liquid element has a value lower than 87.5 wt% and higher
than 8.5 wt%. In this case, that pixel also has a chance of solidification. But if the pixel solidifies, then the
new solidified pixel has 87.5 weight percent of Fe, and the additional new liquid phase is also produced
with 8.5 weight percent of Fe according to the phase diagram. This new liquid phase changes the
chemical composition of its adjacent liquid elements.

Third condition: Fe weight percent of a liquid element has a value lower than 8.5 wt%. In this case,
there is no chance of solidification. So, to solidify this liquid element, some solid elements must be

dissolved by the liquid phase to change the weight percent of Fe in liquid to the permissible range.
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If there is no restriction based on the chemical composition of the liquid phase for solidification, the
probability number or chance of the solidification must be defined for each liquid element. First, the solid
adjacent pixels of each liquid element must be specified. Then based on table 1, a number between 0 and
0.5 related to the weighted coordination number will be assigned. The (-1) number was defined for the
case of no chance of solidification. The numbers in fable I are defined based on the best microstructure

results by trials and errors.

Table 1 — Relation between the coordination number and the probability number of a liquid element.

Index 1 2 3 4 5 6 7 8 9 10 11

Weighted coordinate number 5 475 450 425 4 375 350 3.25 3 275 25

Probability number of solidifications 1 05 05 05 05 03 02 02 025 025 025

Index 12 13 14 15 16 17 18 19 20 21
Weighted coordinate number 225 2 175 1.50 1.25 1 075 050 025 0
Probability number of solidifications 0.009 -1 -1 0.005 0.005 -1 -1 -1 -1 -1

We define a new number between 0 and 0.5 according to the chemical composition. The relation of
chemical composition number (in the range of 8.5 - 87.5 Fe wt %) and the probability number of
solidifications is linear in this model. Simply, the final probability number of solidifications for each
liquid element is the summation of the two probability numbers (coordination number and chemical
composition).

Each solid pixel has a chance of dissolution in the liquid phase if the Fe weight percent is higher than
87.5 wt%. The chance of solution linearly increases with the weight percent of Fe. Similarly, the two
probability numbers between 0 and 0.5 were defined for solidification. Then, their summation is used to
define the final probability number.

Some simulated results of the Fe — Cu system have been shown in figure 6. The brown color shows the
gradient of the Fe weight percent in the liquid phase. This Brown color represents the weight percent of
Fe in the range of 8.5 — 87.5 wt% in the liquid phase. So, the brown-colored liquid elements have the
chance of solidification. The weight percent of Fe lower than 8.5 wt%, which is white, has no chance of
solidification. The growth of solid particles during liquid phase sintering is controlled by the diffusion in

solid and in liquid phases.
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Figure 6 - Simulation results of the Fe -Cu system at 1300 C.
a) Initial condition, after b) 0.315 s, ¢) 0.63 s, d) 0.945 s, €) 1.26 5, f) 1.575 s, and g) 1.89 s. It was assumed a virtual
binary alloy system with the permissible range of solidification within 50 — 87.5 Fe wt%.
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Considering another permissible chemical range of solidification in a liquid phase shows the change in
the reshape speed of solid particles and the solution of the solid element in the liquid phase. The
solidification range of the Fe - Cu system is 8.5 — 87.5 wt% Fe. It was assumed a virtual binary alloy
system with the permissible range of solidification within 50 — 87.5 Fe wt%. In this case, there is not
enough liquid with a proper chemical composition for solidification (brown color), and the
growth/reshape’s kinetic, or speed of the powders is slower than the case of the real Fe-Cu system. The

result has been shown in figure 7. So, this computational algorithm could provide a simulation facility for

engineering the microstructure and compositions of the alloys during phase sintering and make them

..'

relevant for metals 3D printing.
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Figure 7- Surface melting of the solid particles rearranges the elements at the surface of the solid particles. a) Initial
condition, after b) 0.315 s, ¢) 0.63 s, and d) 0.945 s. It was assumed a virtual binary alloy system with the permissible
range of solidification within 50 — 87.5 Fe wt%.

Conclusions

A computational method was developed for simulating the liquid phase sintering process. Surface
dissolution and the effect of Oswald — Ripening of the solid particles were considered in this computer
model to achieve the proper microstructure during liquid phase sintering. The model was used to simulate
the liquid phase sintering of the Cu-Fe system at a constant temperature. This computational code can be

extended to the other metals systems and metal matrix composites. This model can be used to study alloys
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with solubility both in the liquid phase and solid one, due to its ability to consider the diffusion process

both in solid and liquid phases.
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