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Graphical Abstract 

 
Abstract: One of the main contemporary challenges of sintering simulations is taking into account 

all the coupled physics present in the sintering process. The model should predict the convection, 

surface to surface radiation, conduction, specimen sintering phenomena, and also the proportional 

integral derivative regulation. A fluid dynamics thermo-mechanical model (FDTM) is implemented 

to predict the degree of uniformity of heating and compaction of a large size gear shape specimens 

under various process conditions. The FDTM model is validated by a dilatometer test indicating a 

very good agreement with the experimental data. The complex shape sintering simulation shows 

that the temperature and densification gradients depend strongly on the sample thickness. A large 

volume of material can be easily heated if the specimen’s shape allows the hot gas to make its way 

inside the sample volume. If this condition is not satisfied, it is shown that a large and closed 

volume of material can generate significant temperature and density gradients. 
 

REF: C. Manière, T. Zahrah, E.A. Olevsky, Fluid Dynamics Thermo-Mechanical Simulation of Sintering: 

Uniformity of Temperature and Density Distributions, Applied Thermal Engineering. (2017). 
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Nomenclature 

𝜌  Density (kg/m3) 

𝐶𝑝  Heat capacity (J/(kg.K)) 

T  Temperature (K) 

𝜅  Thermal conductivity (W/(m.K)) 

Q  Heat source (W/m3) 

θ  Porosity 

�̇�  Porosity rate (s-1) 

P  Gas pressure (Pa) 

R  Gas constant 8.314 J/(mol.K) 

𝝈  Stress tensor (N/m2) 

𝜎𝑒𝑞  Equivalent stress (N/m2) 

�̇�  Strain rate (s-1) 

𝜀�̇�𝑞  Equivalent strain rate (s-1) 

𝜑  Shear modulus 

𝜓  Bulk modulus 

Pl  Sintering stress (Pa) 

𝕚  Identity tensor 

𝛼  Surface energy (J/m2) 

𝑟0  Grain radius (m) 

�̇�  First strain rate tensor invariant (s-1) 

�̇�  Second deviatoric strain rate tensor invariant 

𝜂  Material viscosity (Pa.s) 

𝒖  Velocity vector (m/s) 

𝜇  Dynamic viscosity (Pa.s) 

𝑭𝒈  Body force term (N/m3) 

𝑄𝑝  Pressure heat source term (W/m3) 

𝑄𝑣𝑑  Viscous dissipation heat source term (W/m3) 

𝜑𝑟𝑠𝑎  Surface to ambient radiative heat flux (W/m2)  

𝜎𝑠  Stefan Boltzmann constant (5.67E-8 W.m-2K-4) 

ϵ  Emissivity 

Tair  Air temperature (K) 

𝜑𝑐𝑠𝑎  Convective heat flux (W/m2) 

ℎ𝑐𝑜𝑛𝑣  Convective heat transfer coefficient (W/(m2K)) 

J  Surface radiosity (W/m2) 

G  Irradiation flux (W/m2) 

n  Refractive index 

𝑒𝑏(𝑇)  Surface radiation produced (W/m2) 

𝜌𝑟  Reflectivity 

𝛼𝑎  Absorptivity 

𝜑𝑟𝑠𝑠  Net inward radiative heat flux (W/m2) 

𝑄𝑃𝐼𝐷  PID regulated heat source (W/m3) 

𝑒(𝑡)  Regulated -measured temperature error (K) 

𝐾𝑝  PID proportional coefficient 

𝐾𝐼  PID integral coefficient 

𝐾𝐷  PID derivative coefficient 
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1. Introduction 

Conventional sintering is the oldest and the most currently employed sintering method [1-2]. 

This process implies a consolidation of a powder into a solid material by bounding interconnected 

particles to each other [3]. This usually requires a thermal treatment performed in a furnace. During 

this treatment, the heat is generated by a source that can be combustion [4] or high temperature 

resistive heating elements such as MoSi2, FeCrAl, graphite, W [5-6], etc. Heat is then transmitted to 

the sample by thermal radiation, conduction and convection [7]. The surface-to-surface radiation is 

mainly governed by the material emissivity that depends on the material chemical composition and 

the temperature. The thermal conduction has most of the time a very low contribution to heat 

transfer compared to the convection phenomena because the thermal conductivity of the gas like air 

or argon is very low [8]. Egorov et al. [9] showed that the heat removal from a sample heated by 

microwaves is very high when the convection phenomenon is taken into account compared to the 

pure conduction case where the heat is slowly radially dissipated. The computational fluid dynamics 

(CFD) part of a conventional sintering furnace model is then a crucial point [10-16]. 

Nieckele et al. [17] employed a finite volume model for the analysis of the heat transfer inside an 

industrial aluminum melting furnace. In this study, different configurations of a burner jet (single 

burner, parallel jet, divergent jet) were compared in order to find the optimal heating configuration 

that minimized the refractory walls’ damage and provided a homogeneous heating. Similarly, 

Hachem et al. [18-19] presented a turbulent model for the simulation of the heating of a complex 

industrial combustion furnace. This model based on the immersed volume method [20] showed the 

capability to predict the heating inhomogeneity in a large size furnace. These types of simulations 

are powerful tools for the optimization of sintering conditions such as the sample’s location, the 

effect of the sample and furnace shape complexity, the dimensions’ effects and the optimization of 

the energy consumption [21]. However, these models often focus on the fluid dynamics and thermal 

aspects of the phenomena involved in the furnace heating. The impact of the calculated temperature 

gradients on the sample sintering and the distortions they generate are usually not considered. 
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The aim of this paper is to establish, on the one hand, a multiphysics analysis of a muffle furnace 

able to predict all the heat transfer phenomena (conduction, convection, surface to surface radiation) 

and the sintering of a powder sample. The developed model was validated experimentally using a 

dilatometer furnace. On the other hand, different complex gear sample shapes and large sample 

dimensions were investigated by the simulations in order to determine the main conditions 

promoting temperature and densification inhomogeneity. The developed fluid dynamic thermo-

mechanical FDTM model’s aim is to be a simulation tool applicable to a wide variety of 

conventional sintering techniques including all the main physics involved. This model can also be 

used as a good basis for special sintering technologies such as microwave sintering, where the 

temperature gradients generated are very sensible [9, 22] and require comprehensive multiphysics 

models to analyze them. 

2. Fluid dynamics thermo-mechanical model 

The FDTM model is based on the Navier-Stokes equations to describe the conduction-

convective heat transfer in the gas area taking into account also the contribution of the surface-to-

surface radiation. A classical heat transfer model is also employed for the solid parts where for the 

porous sample volume a sintering model based on the continuum theory of sintering [3] is coupled 

with the other heat transfers physics. The governing equations of the FDTM model implemented in 

the commercial finite element software “Comsol Multiphysics” are detailed in the sections 2.1 and 

2.2. The boundary conditions and the PID regulation are detailed in sections 2.3 and 2.4 

respectively. Section 2.5 is dedicated to the description of each of the sintering configurations 

explored and to our study strategy. In all the used equations, tensors and vectors are represented in a 

bold font style and their components in a normal font style. 

2.1. Heat transfer and sintering of the solid parts 

Heat transfer for the solid parts is classically described by the equation: 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
+ ∇(−𝜅∇T) = 𝑄          (1). 



5 

 

In the porous sample volume, an additional phenomenon is taking place. It is the pressureless 

sintering. This phenomenon is also included in the FDTM via the continuum theory of sintering 

equations [3, 23] with: 

the local equilibrium equation: 

∇. 𝝈 = 0            (2) 

the strain rate – stress law describing the porous material behavior: 

𝝈 =
𝜎𝑒𝑞

�̇�𝑒𝑞
(𝜑�̇� + (𝜓 −

1

3
𝜑) 𝑡𝑟(�̇�)𝕚) + 𝑃𝑙𝕚        (3) 

with the shear and bulk moduli and the sintering stress expressions [3, 24]: 

𝜑 = (1 − 𝜃)2           (4) 

𝜓 =
2(1−𝜃)

3𝜃

3

           (5) 

𝑃𝑙 =
3𝛼

𝑟0
(1 − 𝜃)2           (6). 

The equivalent strain rate and the strain rate tensor invariants are defined by: 

𝜀�̇�𝑞 =
1

√1−𝜃
√𝜑�̇�2 + 𝜓�̇�2          (7) 

with the strain rate tensor invariants expression: 

�̇� = 𝜀�̇� + 𝜀�̇�+𝜀�̇�           (8) 

�̇� = √2(𝜀�̇�𝑦2 + 𝜀�̇�𝑧2 +𝜀�̇�𝑧2 ) +
2

3
(𝜀�̇�2+𝜀�̇�2+𝜀�̇�2) −

2

3
(𝜀�̇�𝜀�̇� + 𝜀�̇�𝜀�̇� + 𝜀�̇�𝜀�̇�)    (9) 

The equivalent strain rate – stress behavior can be non-linear when a high external pressure is 

applied [25] and can be described by a Norton law. For pressureless sintering of powders, the 

material behavior is most of the time linear [3], the only exception is for the nanometric powder that 

can generate high sintering stress and, in turn, the non-linearity of the constitutive behavior [26]. In 

our case, we assume that the powder is not nanometric and a regular linear viscous behavior 

dominates: 

𝜎𝑒𝑞

�̇�𝑒𝑞
= 2𝜂(𝑇)           (10). 
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The volume change and porosity evolution are related to each other by the mass conservation 

equation: 

𝜃

(1−𝜃)

̇
= 𝜀�̇� + 𝜀�̇�+𝜀�̇�          (11). 

2.2. Heat transfer in the areas occupied by gas 

The fluid dynamics modelling of the furnace in the gas area is a central point for the accuracy of 

the conventional sintering modeling. Indeed, the convection phenomena significantly accelerate the 

heat transfer in the furnace with a potential non-homogeneous distribution of the temperature. The 

Navier-Stokes convective problem is defined by the three main governing equations [15, 20]: 

the mass conservation equation: 

∂ρ

∂t
+ ∇. (𝜌𝒖) = 0           (12) 

the momentum equation taking into account pressure, viscous response and body forces: 

𝜌
∂𝐮

∂t
+ 𝜌𝒖∇𝒖 = −∇𝑝 + ∇. (𝜇(∇𝐮 + (∇𝐮)𝑇) −

2

3
𝜇(∇. 𝐮)𝕚) + 𝑭𝒈    (13) 

the energy balance equation: 

𝜌𝐶𝑝 (
𝜕𝑇

𝜕𝑡
+ (𝒖. ∇)𝑇) + ∇(−𝜅∇T) = 𝑄 + 𝑄𝑝 + 𝑄𝑣𝑑      (14). 

The main difference of Eq. (14) compared to the heat equation in solid (1) is the convective term 

(𝒖. ∇)𝑇 and in the second member, the pressure work 𝑄𝑝 and viscous dissipation 𝑄𝑣𝑑 heat source 

terms that are commonly very low for this kind of an application and therefore neglected. 

2.3. Boundary/interface conditions 

The external boundary insulation/air is subjected to a surface to ambient thermal radiation and a 

convective flux loss (see fig.1b) that can be described by the equations: 

𝜑𝑟𝑠𝑎 = 𝜎𝑠ϵ(𝑇𝑎𝑖𝑟
4 − 𝑇4)          (15) 

𝜑𝑐𝑠𝑎 = ℎ𝑐𝑜𝑛𝑣(𝑇𝑎𝑖𝑟 − 𝑇)          (16). 
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Fig.1 Dilatometer model description, a) configuration, b) boundary condition c) mesh. 

 

The internal solid/argon interfaces are subjected to the mutual surface-to-surface radiation and 

the fluid dynamics part uses standard “wall” no penetration conditions. The surface-to-surface 

radiation assumes that the solid body is opaque (no radiation transmitted through the body) and the 

gas is transparent. The total outgoing radiative flux called radiosity J is defined with the incoming 

irradiation G and the power radiated 𝑒𝑏(𝑇): 

𝐽 = 𝜌𝑟𝐺 + ϵ𝑒𝑏(𝑇) = 𝜌𝑟𝐺 + ϵ𝑛2𝜎𝑠𝑇
4        (17) 

with the simplification of ideal gray body: 

𝛼𝑎 = 𝜖 = 1 − 𝜌𝑟           (18) 

the net inward radiative heat flux expression 𝜑𝑟𝑠𝑠 is: 

𝜑𝑟𝑠𝑠 = ϵ(𝐺 − 𝑒𝑏(𝑇))          (19). 

The mechanical part of the simulation is associated only with the powder sample where for the 

two points the displacement (along the specimen height axis) is fixed (w=0) to ensure an equivalent 

to the no penetration condition in the support and an unrestricted volume deformation. 
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2.4. Proportional integral derivative temperature regulation 

The 2 mm diameter heating element is small enough to neglect the current density gradient in it 

and then the regulation is made not on the current but directly on a homogeneous heat source in the 

wire. The proportional integral derivative (PID) regulation defines in our case a variable heat source 

term associated with the resistive heating elements that regulate the furnace temperature. The heat 

source term 𝑄𝑃𝐼𝐷 is [27]: 

𝑄𝑃𝐼𝐷 = 𝐾𝑝𝑒(𝑡) + 𝐾𝐼 ∫ 𝑒(𝑡)𝑑𝜏
𝑡

0
+ 𝐾𝐷

𝑑𝑒(𝑡)

𝑑𝑡
      (20) 

where 𝑒(𝑡) represents the temperature difference between the prescribed set temperature Tset and the 

furnace temperature simulated Tfurnace. The tuning of the PID coefficients 𝐾𝑝, 𝐾𝐼, 𝐾𝐷 allow the 

control of the quality of the temperature regulation. However, because the heat flow resulting from 

the convection in the furnace can be unstable, an estimation of the average furnace temperature in 

done within a 20 mm diameter circle (see fig.1). This allows the stabilization of the PID regulation 

and, at the same time, the estimation of a more representative furnace temperature. In these 

conditions, the following PID coefficients: 𝐾𝑝 =  00, 𝐾𝐼 = 20, 𝐾𝐷 = 1000 provide a good 

regulation quality. 

2.5. Process modes, simulation strategy, and material properties 

All the process modes investigated in this paper are reported in fig. 2. The first mode (fig. 1 and 

fig. 2a) corresponds to a dilatometer (Unitherm model 1161) experiment performed on a 10 mm 

diameter and 10 mm height Ti-6Al-4V sample. This first example is employed to validate our 

FDTM model in a real case where the sintering shrinkage and the temperature are recorded in two 

points. In the configurations reported in fig. 2b. 2c. 2d, the FDTM model is employed to simulate 

the temperature convection and densification efficiency in the different large and complex shape 

specimens. A 120 mm gear shape is studied in the configuration reported in fig. 2b. This complex 

shape case helps us understand how efficient the convection heating is when the gas path has a 

complex tortuosity. Indeed, the hot gas has to penetrate through the small 20 mm diameter gear 
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central hole to heat the internal gear boundary. This tortuosity is increased in the configuration 

shown in fig. 2c where a second gear shape is placed on the top of the first one with a small 4 mm 

aperture to allow the gas to penetrate into the internal area of the bottom gear. The last configuration 

is a big closed volume of the powder material where the hot gas cannot penetrate in the internal area 

of the sample. 

 
Fig.2 Four configurations: a) dilatometer validation test, b) gear shape, c) two gear 

configuration, d) large cylinder configuration. 

 

In all these modes/configurations, an alumina-silica fibrous material (80%Al2O3-20%SiO2) is 

employed for the insulation materials. For the dilatometer sintering case, the central insulation tubes 

are made from the fully dense alumina. The samples’ material is Ti-6Al-4V with an initial relative 

density of 0.66; the Ti-6Al-4V powder consists of 50 µm agglomerated particles. The chamber is 

filled with argon in order to prevent the oxidation of the Ti-6Al-4V samples. All the temperature 

dependent material properties employed in the simulations are reported in Table. 1. All the 

simulations and the dilatometry are considered to temperatures far below the Ti-6Al-4V melting 

point of 1878 K. This prevent dealing with special high temperature phenomena such as local 

melting or the gravity distortions that can happen when the temperature is very closed to the melting 

point. 

In order to improve the calculation time for this comprehensive multiphysics model, an 

axisymmetric analysis is employed. This approximation is applicable to the utilized dilatometer 

geometry where all the parts are concentric cylindrical shapes. Concerning the gear shape, only the 

details at the teeth shapes of the gear are not represented because of this axisymmetric 
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approximation. The model thereby focuses on the impact of the general shape of the gear on the 

physical parameters’ spatial distributions. With this approximation, the calculation duration is about 

10 hours. 

 

3. Results and discussion 

3.1. Dilatometer simulation/experiment results 

During the dilatometer experiment the temperature was recorded at the sample and in the 

furnace. The sample shrinkage was also recorded allowing the determination of the sample 

densification curve. This experiment enables the study of the heat transfer and of the mechanical 

aspects of the FDTM simulation at the same time. In the FDTM model, a heat source added to the 

heating elements is used to control the furnace temperature by a PID formula. The initial moments 

of the heating are reported in fig.3. As expected the heating elements start to heat first (fig.3a), then 

the gas density decreases with the temperature (see Table 1) and the hot gas area starts to move up. 

The convection phenomenon starts. Because the heating elements are located at the furnace inner 

lateral boundary, a circular convection motion is observed (fig.3b). During the heating cycle, the 

distribution of the temperature (fig.4) shows a lag of the central tube heating. The heating in the 

furnace area is quickly homogenized by the convection phenomenon, but the heating of the central 

tube area is limited by the thermal conduction across the alumina tube thickness. This configuration 

is employed to easily control the powder sample area atmosphere but it results in a heating lag of 

the sample that is significantly reduced at about 900 K (fig.5a), - a temperature where the sintering 

shrinkage of the sample starts (fig.5b). The convection phenomena in the central tube are not 

significant because the related space is very narrow and, for the same reason, the temperature 

distribution is very homogeneous. 
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Fig.3 Dilatometer initial heating, a) temperature, b) convection velocity field. 

 

 
Fig.4 Dilatometer temperature distribution. 

 

The simulated and experimental temperature curves and the sintering densification curves show 

a very good agreement (fig.5). The heating lag of the sample is well reproduced by the FDTM 

model for the similar temperature values. The next sections are devoted to the analysis of the 

powder sample shape impact on the temperature and densification homogeneity by the FDTM 

simulation approach. 
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80%Al2O3-

20%SiO2 [28] 
Al2O3 [29] Ti-6Al-4V [25] Argon [30] 

Thermal 

conductivity 

(W/(m.K)) 

1.40E-4T+1.70E-2 39500T-1.26 

(8.11-

0.0149T+4.47E-5T2-

2.27E-8T3)×(1-(3/2) 

θ) 

300-690K 

-2.47E-4+7.37E-5T-

5.23E-8T2+2.30E-

11T3 

690-2000K 

0.00422+5.58E-5T-

2.63E-8T2+1.05E-

11T3-1.59E-15T4 

Heat capacity 

(J/(kg.K)) 

-5.31E-

4T2+1.25T+5.18E2 
850 

(383+0.671T-5.35E-

4T2+1.64E-7T3) × 

(1-θ) 

520 

Density (kg/m3) -1.04E-2T+4.43E2 3899 
(4467-0.119T-1.28E-

5T2) × (1-θ) 
0.03994P/(RT) 

Dynamic viscosity 

(Pa.s) 
- - - 

2.82E-6+7.51E-8T-

3.01E-11T2+8.88E-

1T3-1.01E-18T4 

Table. 1: Materials properties, where T, θ, P, R are the temperature (K), porosity, pressure (Pa) 

and gas constant (8.314 J/(mol.K)), respectively. 

 

 
Fig.5 Simulation/experiment comparison, a) furnace/sample temperature curves, b) sample relative 

density evolution. 

 

3.2. Convection in the large size sample configurations 

The velocity field distribution resulting from the convection phenomena in the large size powder 

sample simulations are reported in fig.6. Similarly to the dilatometer case, a circular gas motion is 

observed. The gas moves up in the area closed to the heating elements and moves down in the 

central areas. Because of the circular geometry, all the rising gas flow generated in the heating area 

(on the edge) is concentrated in the central area having a reduced volume. The downward central 

flow is therefore of a higher magnitude. This geometrical influence on the velocity field magnitude 

can be clearly seen for the first gear configuration (fig.6a) where the central furnace area is mainly 

empty. In the other configurations (fig.6b. 6c) this central area is occupied by the powder sample 
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volume that decreases the downward flow magnitude compared to the first gear case (fig.6a). 

Another noticeable point is the velocity field magnitude in the internal gear area (fig.6b. 6c). These 

areas have a narrow inlet and almost no outlet path, the gas motion in these areas is then limited to a 

very slow circular flow. 

 
Fig.6 Convective velocity distribution for the a) gear, b) two gears and c) cylinder configurations. 

 

3.3. The gear shape configurations 

The overall temperature distribution of the first gear shape configuration is reported in fig.7. Two 

main stages of the furnace heating are thus revealed. During the first stage, the main argon area heat 

fast while the heating of the sample (including the argon volume inside the sample) is in lag. During 

the heating ramp, between 2000-5000 s, the transition to a second stage of the heating occurs where 

all the main furnace area including the sample’s volume is homogeneously heated. During this 

second stage, the only gradient remaining is located at the thermal insulation where the external 

boundary remains at a low temperature. The relative density and temperature fields in the sample 

during sintering (8000 s) are reported in fig.8. The relative density curves show that the sintering 

shrinkage of the sample starts during the second heating stage when the temperature field is 

homogeneous. Consequently, the temperature and densification fields in the sample are very 

homogeneous with temperature differences of 20 K and densification differences of 1 %. The 

sample shape manifests no distortions and is uniformly densified. 
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The Biot number can be estimated at the gear solid/gas internal and external interface from the 

temperature field using the method describe in Ref [31]. This number gives an indication of the 

relative importance of convection and conduction at the solid/gas interface. The Biot number is 1.5 

and 0.035 on the sample internal and external solid/gas interface respectively. This difference 

indicates the heat transfer by convection is higher on the external solid/gas interface where the 

average gas velocity magnitude is about 5E-2 m/s compare to the internal sample gas area where the 

gas velocity fall to 3E-4 m/s. 

 
Fig.7 Temperature distribution for the gear configuration. 

 

Temperature locations
T (K)

T (K)
T (K) T (K)
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Fig.8 Densification/temperature distribution for the gear sample configuration (the black line 

represents the initial sample geometry). 

 

Similarly, the overall temperature distribution and sample relative density evolution are reported 

in fig.9 and fig.10 for the two-gear configuration, respectively. For this configuration, the 

first/second heating stage transition also happens between 2000-5000 s. During the first heating 

stage, the areas of heating lag are located in both gear/gas internal areas. The bottom gear gas area 

is colder than the one of the top gear because the gas penetrates this area through a very small 4 mm 

aperture on the edge. Despite this lag, the sample temperature during sintering is still homogeneous 

with temperature and densification differences of 20 K and 1% respectively. Similarly to the 

previously considered gear configuration, no sample shape distortions are observed. 
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Fig.9 Temperature distribution for the two gear configuration. 
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Fig.10 Densification/temperature distribution for the two gear samples configuration (the black 

lines represent the initial sample geometry). 

 

For the both gear configurations (fig.7 and fig.9) the temperature in the main furnace gas area 

can be 200K higher than in the sample during the heating ramp. This difference disappears during 

the holding time. Nevertheless, the physical fields in the sample are sufficiently homogeneous to 

allow sintering without distortions. In the next and last section, we determine which type of the 

analyzed configurations represents the real risk of the densification inhomogeneity. For this 

purpose, a large cylindrical volume of the powder material is tested. 
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3.4. Large closed volume heating 

In this configuration (fig.2d) a large cylindrical (radius = 70 mm height = 70 mm) closed volume 

of the powder material is tested. Similarly to the previous simulation, the overall furnace 

temperature distribution is reported in fig.11 and the sample temperature and densification are 

reported in fig.12. For the first time within the described calculation results, a significant 

temperature difference of about 70-100 K is observed (fig.11) between the sample center and the 

edge. This difference generates the temperature and the relative density gradients that can be seen in 

fig.12. At 8000 s the sample temperature difference is 70 K and the densification difference is 

3.5 %. From the geometrical point of view, the cylindrical sample has the diameter closed to the 

overall gear diameter, therefore the main geometrical change (compared to the previously 

considered configurations) is the cylindrical sample shape that does not possess an aperture 

allowing the gas to penetrate in the center of the sample. Because of this difference the center of the 

sample is heated only by thermal conduction and the temperature difference increases from 20 K to 

70 K and the densification from 1 % to 3.5 %. The obtained results show that even if the gas motion 

in the gear sample area is very slow, it allows a small infiltration of heat in the sample central area 

which causes a more homogeneous heating for both gear shapes. 

 
Fig.11 Temperature distribution for the large dimension cylinder configuration. 
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Fig.12 Densification/temperature distribution for the large dimension cylinder configuration (the 

black lines represent the initial sample geometry). 

 

Beside the gas motion impact on the temperature and densification gradients, the scale effect can 

have a significant impact on the sintering of a green body. In order to understand the 

heating/densification homogeneity from small to very large scale, a parametric thermal-mechanical 

(TM) simulation study have been investigated and reported figure 13. To prevent a very time 

consuming study, the simulations are investigated only on the sample with a surface imposed 

constant temperature. A 5 K/min cycle is imposed up to a temperature of 1600 K, the maximum and 

minimum temperature and densification differences are compared for a cylindrical sample whose 

size is homothetically increased from a radius of 10 mm to 1 m. The simulated curves suggest a 

homogeneous heating and sintering for sample radius up to 150 mm. A significant increase of the 

thermal/sintering inhomogeneity up to radius of about 400 mm for the densification and 700 mm for 

the temperatures is observed. After these respective radius, the densification and the heating became 
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superficial and the sample center is neither heated nor sintered because the sample size in too large. 

These heating/sintering behaviors can be improved for the large size by slower heating profiles. The 

use of both the FDTM and TM simulation tools are suited for complex shape and the scalability 

optimization studies of conventional sintering.  

 

Fig.13 Scale effect on the temperature/relative density homogeneity; a cylindrical sample with same 

radius and height is surface heated for different size from 10mm to 1m; the maximum and minimum 

temperatures and relative densities differences (Tmax-Tmin and Dmax-Dmin) are compared for 

each size. 
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4. Conclusions 

A fluid dynamics thermo-mechanical model able to predict the convection, radiation and the 

sintering phenomena involved in the conventional sintering process has been developed. This model 

has been successfully validated experimentally by a dilatometer test that allowed the comparison of 

the modeled and real temperature distribution and the sintering shrinkage of the sample. The 

simulations reveal a circular convection motion that quickly homogenizes the temperature in the 

furnace areas. When complex shapes or large dimension samples are used, the sample area is heated 

in lag. The gas areas present inside the complex shape samples are slowly heated in the initial stages 

of the heating due to the tortuosity of these areas. However, our study shows that these gas areas 

help homogenize the sample heating during sintering. Among those considered, the configuration 

that presents the most pronounced inhomogeneity is the cylindrical sample. This sample has a large 

closed volume that prevents the convection phenomena to increase the temperature of the central 

area that can be heated only by thermal conduction. The homogeneity of the heating of this type of 

the sample’s shape depends on the duration of the heating and on the dimensions of the sample. The 

bigger is the sample dimensions, the slower the heating rate should be in order to ensure the 

homogeneity. The developed model is perfectly suited to determine the optimal sintering conditions 

for any sample configuration. 
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Highlights: 

 

❖ A muffle furnace heat transfer analysis is combined with modeling of sintering.  

❖ Complex sample shape, flow tortuosity effects on the furnace sintering are revealed. 

❖ The densification homogeneity dependence on sintered sample dimensions is determined. 


