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Abstract - The application of the additive manufacturing process 

for metals has become increasingly important in industrial 

manufacturing, mainly due to its ability to process components with 

complex geometry. Several 3D printing technologies for metals have 

been studied, such as Bound Metal Deposition (BMD), a process that 

allows the manufacture of components by applying three steps, 

design, printing, and sintering. In the case of this technology, the 

sintering process, as a thermal treatment, is one of the indispensable 

steps in the additive manufacturing of metals, allowing the properties 

of the materials obtained by this type of manufacturing technology to 

be improved. The holistic modeling of the sintering process is still a 

challenge for researchers because of the complexity in capturing 

computationally the microstructure evolution during the process and 

its coupling with other physical phenomena (thermal and 

mechanical). A multiphysics numerical approach based on a 

coupling of thermal, mechanical and phase fields is proposed as an 

alternative to predict the microstructure evolution and 

thermomechanical properties of 316L stainless steel during the 

sintering process. In this context, a numerical model based on the 

finite element method is proposed as an alternative to evaluate the 

impact of the thermal field, as the activation force of the sintering 

process, on the microstructure field evolution and, in turn, the impact 

of the evolution of phase field variables on the thermal and 

mechanical properties of the studied material. The model is applied 

for different sintering temperature and time, allowing the influence 

of these parameters on the microstructure evolution and on the 

thermomechanical properties of the material to be evaluated. 
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I. INTRODUCTION 

    The manufacture of component or structure with complex 

geometry and functional as to its application, has been a great 

challenge for researchers. Additive manufacturing [1]–[3]  and 

sintering [4]–[6], both combined, have increasingly established 

themselves as promising alternatives to solve this particular 

problem in cases of metal components or structures. For additive 

manufacturing technology for metals, known as Bound Metal 

Deposition (BMD), a Material Extrusion (Mex) technology, the 

manufacturing process of a component is divided into four steps, 

design [7]–[9], printing, debinding and sintering [10], [11], [3]. 

Despite their relative affordability and the ability to produce 

parts with high geometrical accuracy, these parts suffer from 

high porosity and poor surface finishes [3]. To overcome these 

kinds of problems, sintering is usually applied, which is a 

processing technique for producing density-controlled materials 

and components from metal or ceramic powders by applying 

thermal energy [6], [12], i.e. it is a thermal treatment, although 

in some cases external pressure is also applied [13].  

The improvement of existing sintering techniques, by 

computational modelling and experimental approach, is capital 

to meet the growing demand for a wide range of technologically 

significant systems, including, for example, fuel and solar cell 

components, electronic and computer elements, bioimplants 

elements, thermoelectric materials, drilling tools in the oil and 

gas industry, etc.[12]. So the use of sintering techniques for 

processing metal materials to manufacture additively parts with 

structural and functional applications will continue to be a 

challenge for the coming years [12], [14]. Although sintering is 

relatively well studied for Metal Injection Molding (MIM) 

processes [6], [15]–[17], research is insufficient or practically 

non-existent for metal additive manufacturing (MAM), 

especially in the field of computational modeling, where the 

main challenges lie in the study of the behavior of material 

properties after applying this type of heat treatment. 

Computational modeling of the sintering process is extremely 

complex because it is a process characterized as being multi-

physical and multi-scale. It is considered to be a multi-physical 

process because it results from the combination of thermal, mass 
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diffusion, and mechanical phenomena, and as a multi-scale 

process because it occurs at the microscopic level, due to the 

microstructural evolution of the material during the process. 

These microstructural developments have an impact on the 

macroscopic behavior, resulting in distortions, shrinkage, 

porosity reduction, and in the improvement of the surface 

quality of the component or structure. The macroscopic 

modeling of the sintering process will always have as its main 

input the microstructural evolution of the material [18], [19], so 

it is fundamental to study the sintering process at the 

microstructural level, to later couple it with the macrostructural 

effects, in order to obtain the holistic behavior of the process. 

The holistic modeling of the sintering process is highly 

dependent on the techniques applied to capture the 

microstructure evolution. Various computational models based 

on different approaches have been developed and/or improved 

to predict the material behavior [20]–[22]. In the last few 

decades, the field-phase method (PFM) has been widely applied 

to study the evolution of microstructure [11], since it has proven 

to be a very powerful tool to associate the evolution of 

microstructure with other physical phenomena [13]. Details on 

the application of PFM coupled with thermal and mechanical to 

study sintering process at microstructure level was recently 

introduced by Sudipta et al. [13], the approach was based on first 

proposal for applying the phase field method to model the 

sintering process made by Wang [23], and this proposal has 

given rise to several works in this field, not only limited to the 

simulation of two particles in 2D but extending to more than two 

particles and in 3D[12], [13], [22]–[27]. The purpose of this 

paper is to numerically model the behavior of the sintering 

process at microstructural level considering a multiphysics 

approach based on a coupling of thermal, mechanical and phase-

field method, to predict the microstructure evolution and 

thermomechanical properties of 316L stainless steel obtained by 

Bound Metal Deposition (BMD).  

A numerical model based on the finite element method is 

proposed as an alternative to evaluate the impact of the thermal 

field on the microstructural field evolution and, in turn, the 

impact of the evolution of phase field variables on the thermal 

and mechanical properties of the material. The model is applied 

for different sintering temperature and time, in order to evaluate 

the influence of these parameters on the microstructure 

evolution and on the thermomechanical properties of the 

material. 

 

II. MULTIPHYSICS MODELING APPROACH AND FORMULATION 

A.   Thermal field formulation 

 

In the pressure-less solid state sintering process, thermal 

loading plays an important role in activating different diffusion 

mechanisms during sintering and controlling the morphological 

changes [23]. To obtain the temporal and spatial variations of 

the temperature during the process, the Fourier law for transient 

heat conduction is applied, according to the equation below: 

 

𝜌(𝑇)𝑐𝑝(𝑇)
𝜕𝑇

𝜕𝑡
 =  ∇ ∙ (𝑘(𝑇)∇𝑇) +  𝑞𝑔̇            (1) 

 

This equation is solved by considering that the thermal 

properties of the material such as thermal conductivity 𝑘 and 

specific heat 𝑐𝑝, and density 𝜌, vary with temperature and 

microstructure evolutions. On the other hand, it was assumed 

that is the rate of heat generation 𝑞𝑔̇, is caused by reduction of 

𝐹̇, that is rate of total free energy per unity of volume and will 

be calculated from Phase field sintering model [23], [27], [28], 

but since this value is very low compared to the amount of 

energy coming from the sintering environment, its effect on the 

thermal field can be neglected. 

 

B. Phase field formulation (Microstructural field) 

 

The study of the microstructural evolution during the sintering 

process is very important since it allows to obtain the 

constitutive behavior of the material. The phase field model 

(PFM) has been widely applied to model the microstructure 

evolution. A sets of order parameters are used to describe the 

microstructure [23], [27], conserved order parameter (𝑐), that 

distinguish the phases between porous (𝑐 = 0) and solid (𝑐 = 1),  

and non-conserved parameter (η), that describe individual grains 

with different crystal orientations [23], [27]. These parameters 

are considered as continuum field functions (the  so-called phase 

fields), and describe the sizes, shapes, and spatial arrangement 

of particles of different compositions, lattice symmetries, and 

crystallographic orientations, i.e., the microstructure evolution 

during material processing [23]. 

 

The reduction of the total free energy through diffusion 

mechanisms and structural relaxation drives the microstructure 

evolution. The total free energy of a material is a function of 

conserved and non-conserved order parameters, which can be 

the combination of bulk chemical free energy, interfacial 

energy, elastic energy, visco-plastic energy, and external energy 

source, as described in equation 2, but in this study, the system 

energy, elastic and visco-plastic energy are ignored. 

𝐹 =  𝐹𝑐ℎ𝑒𝑚 + 𝐹𝑖𝑛𝑡 + 𝐹𝑒𝑙 + 𝐹𝑣𝑝 + 𝐹𝑠𝑦𝑠           (2) 

 

Two types of continuum equations govern the phase field 

model for sintering, proposed by Wang [23], who added the 

rigid-body motion into the Cahn-Hillard equation [29], [30], 
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used to describe the behavior of conserved phase variables, and 

into the Allen-Cahn equation [29], used to describe the behavior 

of non-conserved phase variables. 

 
𝜕𝑐

𝜕𝑡
 =  ∇ ∙ (M∇

𝛿𝐹

𝛿𝑐
− 𝑐 ∑ 𝑣𝑎𝑑𝑣)      (3) 

 
𝜕𝜂𝑖

𝜕𝑡
 =  − 𝐿

𝛿𝐹

𝜕𝜂𝑖
−  ∇ ∙ [𝜂𝑖𝑣𝑎𝑑𝑣𝑖

]          (4) 

 

where M and L are the mobility coefficients associated with 

the corresponding order parameters c and 𝜂, and are temperature 

dependence, 𝑣𝑎𝑑𝑣 is the advection velocity. F, the system total 

free energy, is the driven force for the evolution, and its 

reduction is achieved by the multiple mechanisms of mass 

transport and structural relaxation (surface diffusion, grain 

boundary diffusion, volume diffusion, vapor transport, and grain 

boundary migration). 

 

The kinetics of the microstructural evolution of the sintering 

process is represented by equations (6) and (7), and their 

solution predicts the temporal and spatial evolutions of the field 

variables. For more details about the phase field approach to 

modeling the sintering process, see [12], [22], [23], [26], [27], 

[29]–[31]. 

 

C. Mechanical field formulation 

 

Activated by the effect of gravity, the mechanical field plays a 

very important role in the computational modeling of the solid 

state sintering process, contributing to the reduction of porosity 

at the microstructural level, improving the density of the 

component or structure, but also inducing deformations on it. As 

mentioned in point B of section II, and represented in equation 

2, concerning the mechanical field, it was only considered the 

contribution of the elastic energy on the microstructural 

evolution, by including this effect on the total energy of the 

system.  

The strain for a linear elastic and isotropic solid during phase 

transformation is caused by elastic stress, and is computed from 

the displacements, while the corresponding stresses are 

computed using Hook’s law. 

 

𝜀𝑖𝑗
𝑒𝑙 =

1

2
[

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
]     and     𝜎𝑘𝑙 = 𝐶𝑖𝑗𝑘𝑙(𝑇)𝜀𝑘𝑙

𝑒𝑙     (5) 

 

The displacement components are obtained by solving the 

equilibrium equation. 

 

∇ ∙ 𝜎𝑖𝑗 +  𝑏𝑖 = 0            (6) 

In the Solid-state sintering, the body-force is the gravitational 

force, and, in current study is ignored and replaced by a load in 

the top of the body. 

The first steps to couple elasticity with PFM was proposed by 

Kachaturyan [32], then other studies came out using the same 

approach [29], [33]–[35], and recently it has been applied to 

sintering [13]. The elastic energy is computed according to 

equation (7). 

𝑓𝑒𝑙 =  
1

2
∫ 𝐶𝑖𝑗𝑘𝑙(𝑟)

𝑉

𝜀𝑖𝑗
𝑒𝑙𝜀𝑘𝑙

𝑒𝑙𝑑𝑟        (7) 

 

Where, 𝐶𝑖𝑗𝑘𝑙(𝑟), are the components of the elastic modulus 

tensor, that is function of temperature, 𝜀𝑖𝑗
𝑒𝑙 and 𝜀𝑘𝑙

𝑒𝑙 the strains, 

and 𝑖, 𝑗, 𝑘, 𝑙 the suffix indices associate with the direction used 

to identify the components of the stresses and strains. 

 

D. Multiphysics coupling 

 

The holistic modeling of the sintering process is achieved by 

coupling three physical phenomena (thermal, mechanical, and 

microstructural fields). This coupling is defined by various 

relationships among the fields, such as thermo-mechanical, 

thermo-microstructural, and mechano-microstructural coupling. 

 
1) Thermo-microstructural coupling 

The spatial and temporal distribution of temperature leads to 

the activation of the microstructural field through the 

mechanisms of mass transport (diffusion process), which are 

represented by the Cahn-Hilliard (equation 3) and Allen-Cahn 

mobility (equation 4). On the other hand, microstructural 

evolution influences the thermal field in two ways, first, it 

causes an addition of chemical free energy and interfacial 

energy on the thermal field governing equation, and second, 

material properties (density, thermal conductivity and, specific 

heat) become dependent on phase field variables. 

In this study, the relationships considered between the two 

fields were as follows: 

• From the thermal field to the microstructure, the 

temperature distribution is applied to compute the 

Cahn-Hillard and Allen-Cahn mobility.  

• From the microstructural to the thermal field, the 

influence of the chemical free and interfacial energies 

on the thermal field was neglected, and only the 

variation of the thermal properties with respect to the 

phase field variables was considered, according the 

equation 8 [13].  

 

M = h(c)Mparticle + (1 − h(c))Mvoid , h(c) = 3c2 − 2c3 (8) 
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Where  ℎ(𝑐), is the interpolation function, 𝑀𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒  and 𝑀𝑣𝑜𝑖𝑑 

are material properties for particles and voids respectively, and 

considering that material properties for voids are neglected. 

The variation of thermal properties (density, thermal 

conductivity and specific heat) with respect to temperature and 

conserved parameter, are: 

 

𝜌(𝑇, 𝑐) = 𝜌(𝑇) ∙ (3c2 − 2c3)            (9) 

𝑘(𝑇, 𝑐) = 𝑘(𝑇) ∙ (3c2 − 2c3)            (10) 

𝑐𝑝(𝑇, 𝑐) = 𝑐𝑝(𝑇) ∙ (3c2 − 2c3)         (11) 

 
2) Mechanical and microstructural coupling 

The microstructure evolution occurs in such a way that the 

material properties become dependent on the phase field 

variables, while the elastic energy resulting from the mechanical 

transformations is added to the equations that govern the 

microstructural field. 

Elastic energy 𝐹𝑒𝑙, (From mechanical to microstructure) is 

added to total energy, and is calculated as  

 

𝐹𝑒𝑙 = h(𝑐)𝑓𝑒𝑙             (12) 

 

The variation of mechanical properties with respect to phase 

field variables are: 

E(c) = (3c2 − 2c3) ∙ 𝐸𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒             (13) 

𝜈(𝑐) = (3c2 − 2c3) ∙ 𝜈𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒             (14) 

 
3) Thermo-mechanical coupling 

Since the sintering process takes place at high temperatures, 

this leads to variation in the mechanical properties of the 

material, in addition to the induction of thermal stresses. On the 

other hand, the elastic energy generated during the mechanical 

transformations, in reverse, influences the thermal field. But for 

this study, the influence of elastic energy on the thermal field 

was neglected, as well as the thermal strain. 

 

III. NUMERICAL APPROACH 

A. Implementation details 

 

The fully implicit finite element approach and the Newton 

method are applied to solve the above coupled model, by using 

the software MOOSE. The backward Euler scheme with 

adaptive time stepping is applied. For more details, see [13], 

[24], [31], [36].  The domain considered is 70 µm x 70 µm, for 

2D simulations. Circular particles (diameter equal to 30 µm) are 

embedded inside the simulation domain that has a minimum 

contact point at the initial step. The initial mesh discretization is 

uniformly refined with size of 0.5 µm to get at least four 

elements on the phase field interface, but adaptive mesh is also 

applied in order to reduce the error in the FE solution for phase 

field equations (see [13], [28]). 

 

B. Initial and boundary conditions 

 

For thermal field, the heat conduction equation was solved 

with constant temperatures for the initial and boundary 

conditions. While for Phase Field equations, Periodic boundary 

conditions was applied and initial conditions are: 

𝑐, 𝜂𝑖 = {
1 𝑖𝑛𝑠𝑖𝑑𝑒     
0  𝑜𝑢𝑡𝑠𝑖𝑑𝑒 

𝑡ℎ𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑢𝑙𝑒 

For mechanical load application, all the sides are restricted to 

move in respective normal direction, the bottom surface is 

constrained in the x and y directions. 

 

C. Simulations parameters 

 

Temperature, time, and furnace atmosphere are the significant 

parameters that influence the ultimate outcomes of sintering 

[37],  the sintering temperature should be around 70–90 % of the 

metal's melting point [3]. In this study the simulations were 

performed for different temperatures and time. 

The material properties (Stain Steel: 316L), used are presented 

in Table 1 and 2. The simulations parameters are converted into 

dimensionless numbers using appropriate scales using the 

length, time and energy scale, once all equations need similar 

orders for numerical convergence of the residual. 

TABLE I.   

Simulations parameters [38], [39] 

Parameter (unit) Value 

k (W/(m.K)) 9.248 + 1.571 ∙ 10−2𝑇 

𝜌 (𝐾𝑔/𝑚3  ) 8084.2 − 4.2086 ∙ 10−1𝑇 −  3.8942 ∙ 10−5𝑇2 

𝑐𝑝 (𝐽/(𝑘𝑔. 𝐾)))   469.75 + 13.49 ∙ 10−2𝑇 

𝑉𝑚 (cm3/mol) 7.012 

𝛾𝑠 (J/m2) 2.41 

𝛾𝐺𝐵 (J/m2) 1.06 

𝐷𝑜𝑣 (cm2/s) 2.0 

𝐷𝑜𝑏 (cm2/s) 0.127 

𝐷𝑜𝑠 (cm2/s) 4.103 

𝑄𝑣 (eV) 2.6 

𝑄𝑏 (eV) 0.58 

𝑄𝑠 (eV) 2.21 

𝑄𝑚 (eV) 0.171 

𝑀𝐺𝐵0
(m4/J/s) 5.53.10-8 
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IV. RESULTS AND DISCUSSION 

To validate the model, some tests were performed, starting 

with a basic model of the sintering process, solving initially the 

phase field (microstructural field) with different constant 

temperatures (1200 K, 1400 K and 1600 K), and after the 

thermal and mechanical field was incorporated. 

The numerical solution allowed to understand the behavior of 

the microstructure considering the evolution of porosity and the 

conserved phase variables, and also its influence on the behavior 

of the evolution of the material's thermomechanical properties. 

The important aspects that can be observed are associated with 

the transformation of the grains into a single element (Figure 1), 

which causes the reduction of porosity and increases the density, 

and in general improves the thermomechanical properties. The 

temporal and spatial evolutions of temperature must be 

uniformly distributed to ensure the full and simultaneous 

activation of all particles within the domain.  

Figure 1 illustrates the morphological evolution of the 

sintering process, indicating the crystallographic arrangement of 

the particles, as well as the reduction of porosity. 

 

 

 
Figure 1: Microstructural evolution: non-conserved phase variable 𝜼 (T = 1600 

K) at simulated times (a) t  = 0, (b) t = 5, (c) t = 10, (d) t = 30 s. 

As expected, it was observed that for low temperature it 

requires a long time to achieve complete sintering, while high 

temperature leads to early sintering, as shown in figure 2 and 3. 

A stable sintering process needs a precise setting of temperature 

and time, and the simulation shows that the temperature of 1400 

K, shows more stable results for almost all parameters and figure 

4 indicates its numerical stability by the time step behavior. 

 

 

 
Figure 2: Evolution of conserved parameter c for 1200 K, 1400 K and 1600 K. 

 
Figure 3: Evolution of neck area for 1200 K, 1400 K and 1600 K. 

The neck area, which is formed by the bonding of the particles, 

can also be used to evaluate the porosity evolution. Figure 3 

indicates that for the temperature of 1200 K and during the 

simulation time, the rate of this value is low, which implies that 

atomic diffusion is not sufficient for the particles to regroup and 

bond in order to eliminate all the voids between them. 

 

Although diffusion is greater for high temperatures, however, it 

must occur in a controlled manner, under penalty of inducing 

large deformations in the component or structure during the 
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process, which reinforces the need to understand the effect of 

temperature. 

 

 
Figure 4: Behavior of the time step during the simulation, indicating the 

numerical stability of the model for different temperatures. 

For solid-state sintering and pressure-less, the gravitational 

force becomes responsible for the mechanical deformations that 

occur in the component or structure during the process, however 

there is a relationship between temperature and the effect of 

gravity in the process, because of the density of the material that 

varies with temperature. Figure 5 shows that at higher 

temperatures greater shrinkage occurs, indicating greater 

deformation of the component or structure. 

 

 
Figure 5: Distribution of the displacement in the y direction along the diagonal 

of the domain at the end of the simulation. 

 

 
Figure 6: Distribution of the displacement in the y direction at final time. 

It was observed that the distribution of the displacement in the y 

direction is symmetrical with respect to the domain under study, 

this is due to the behavior of gravity and the boundary conditions 

applied. As Figure 6 indicates, the closer to the base the smaller 

the shrinkage, while the largest shrinkages occur in areas near 

the top, which makes the effect of gravity as being one of the 

biggest problem in the application of sintering for complex 

components or structures. 

 

V. CONCLUSION AND PERSPECTIVES 

A numerical model coupling multiphysics phenomena was 

presented to understand the behavior of the solid-state sintering 

process at microstructural level. The thermal field is the main 

driving force of the process, coupled with the gravity force as 

the main driving force of the mechanical field. The study also 

allowed to evaluate the effect of gravity on the microstructure 

evolution. The study allows the following conclusions and 

perspectives: 

 

• The numerical coupling of the heat transfer, phase field 

equations and solids mechanic can be applied to predict 

the behavior of the solid state sintering process at 

microstructural level. 

• The heat transfer leads to the activation of the 

microstructural field through the mechanisms of mass 

transport (diffusion process) and then the evolution of 

the phase field variables influences the 

thermomechanical properties of the material. 

• The convergence of the thermal field is much faster 

than the microstructural and mechanical fields, so 

simulations at constant temperatures can be a good 

alternative to reduce computational time. 

• The temperature selection must be after a thorough 

study of the material to be processed, as well as the 
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geometry of the component or structure, because of its 

impact on deformations. 
• The introduction of the effect of gravity on the model 

makes the computational modeling of the solid-state 

sintering process more realistic. 
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