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Abstract 

Sintering is a key step that determines the mechanical performances and shape quality of 3D 

printed ceramics. In this domain, there is an increasing interest in complex thin structures and 

low fill density shapes. However, these complex structures may suffer from distortions by 

gravity forces developed on the light structure, friction with supports, shrinkage anisotropy or 

thermal gradients. Finite element simulation of the sintering process is then of high 

importance for predicting the specimens distortions. This paper focuses on the identification 

of the model parameters in the special case of anisotropic sintering of porcelain with final 

stage swelling. This study points out the printed specimen high resistance to high temperature 

shear deformation due to the alignment of the printed rods. A mesoscale simulation has been 

carried out to explain this mechanism. The resulting model was tested for the sintering of a 

thin wall cup shape. 
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Nomenclature 

θ Porosity 

𝜃̇ Porosity rate (s
-1

) 

𝜎 Stress tensor (N.m
-2

) 

𝜎𝑒𝑞 Equivalent stress (N.m
-2

) 

𝜀̇ Strain rate tensor (s
-1

) 

𝜀𝑒̇𝑞 Equivalent strain rate (s
-1

) 

𝜀𝑟̇ Radial strain rate component (s
-1

) 

𝜀𝑧̇ Z axis strain rate component (s
-1

) 

𝜀𝑠̇𝑖𝑛𝑡𝑒𝑟𝑖𝑛𝑔 Free strain rate due to sintering (s
-1

) 

𝜑 Shear modulus 

𝜓 Bulk modulus 

𝜃𝑐 Critical porosity for sintering final stage 

Pl Sintering stress (Pa) 

𝑃𝑠 Pore gas pressure in closed porosity (Pa) 

𝕚 Identity tensor 

𝛼 Surface energy (J.m
-2

) 

𝑟 Grain radius (m) 

𝑒̇ Trace of the strain rate tensor (s
-1

) 

𝜂 Material viscosity (Pa.s) 

𝜂𝑟 Radial component of the viscosity (Pa.s) 

𝜂𝑧 Z component of the viscosity (Pa.s) 

𝜂0 Viscosity pre-exponential factor (Pa.s) 

𝜂0𝑟 Radial component of the viscosity pre-exponential factor (Pa.s) 

𝜂0𝑧 Z component of the viscosity pre-exponential factor (Pa.s) 

𝑄 Viscosity activation energy (J.mol
-1

) 

R Gas constant 8.314 (J.mol
-1

.K
-1

) 

T Temperature (K) 

𝜎𝑦𝑧 YZ stress component (N.m
-2

) 
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1. Introduction 

Ceramic 3D printing opens an interesting window for the design of high-resolution 

materials[1, 2] with complex structures based on multiscale/bioinspired shapes[3, 4], low 

density/lightweight structures[5, 6] and advanced composite structures with improved 

mechanical/functional properties[7, 8]. Ceramic additive manufacturing involves different 

methods with resolution from 0.4-1 mm for robocasting[9] (or direct write printing) to 10-

100 µm for stereolithography[10]. These processes produce green specimens by extrusion and 

ceramic resin photopolymerization, respectively[11–13]. 3D printed green specimens are 

often made of low-density highly complex shapes and a complex support material 

network[14]. The main motivation is to obtain lightweight materials with an optimal 

mechanical resistance suitable for a target application[15]. However, these complex shapes 

are fragile all along the different processing steps, i.e. the printing, debinding and sintering. 

During the printing, thin shapes are very sensitive to gravity slumping. This phenomenon is 

controlled by the ceramic paste rheology and the printing conditions[16, 17]. The debinding is 

also a key step where cracks and swelling may appear if the temperature cycle is not carefully 

adapted to the organic phase decomposition[18, 19]. Finally, thin shapes may suffer from 

anisotropy[20, 21] and significant distortions[22, 23] at the sintering stage due to various 

causes such as gravity, friction with the support[24], high material viscosity for liquid phase 

sintering[25, 26], swelling (or bloating) at the final stage[27, 28] and thermal gradients[29]. 

Cantilever shapes without support materials are also highly sensitive to shape distortions 

during the sintering[30].  

For selective laser melting/sintering (SLM/SLS technology), the multiphysics finite 

element tool is very precious to evaluate the mesoscale and macroscopic behavior of complex 

structures mechanical properties[31] including residual stresses, melting/sintering 

phenomena[32] and shrinkage issues[33, 34]. The finite element simulation of the sintering 

process is highly important to predict the distortion resistance of the different complex shapes 
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studied by 3D printing. In particular, such simulation can predict the mechanical resistance of 

the green specimen during its sintering, allowing adjusting the different strategies of filling 

density and/or the structure of the sacrificial support materials. 

This work is dedicated to the sintering of 3D printed porcelain obtained by robocasting 

[35]. Liquid phase sintering of porcelain is a very sensitive process which requires a careful 

control of the cycle, in particular at the end of the sintering stage, where swelling may occur 

due to trapped gas in pores generating a force opposite to the capillarity sintering driving 

force [36]. This phenomenon is particularly important if the final stage temperature is too 

high[37]. However, the main phenomenon studied in the present paper is the sintering 

shrinkage anisotropy resulting from the extruded rods stacking strategy, printing conditions 

and consequently from the porosity generated[9, 38]. The impact of printing architecture, 

shape scale and sintering conditions on anisotropy will be investigated. The previously 

developed method for the identification of anisotropic behavior will be used to determine the 

sintering model anisotropic parameters[20]. Thereafter, the resulting model will be used in a 

finite element code to calibrate the viscous behavior of the printed porcelain specimen via a 

deflection test and a mesoscale simulation. Finally, the simulation will be used to predict the 

anisotropic sintering shrinkage behavior of printed complex shapes. 

 

2. Theory and calculations 

The sintering model is based on the continuum theory of sintering[39]. In the following, the 

sintering general equations will be defined first; then, the modeling case of sintering 

anisotropy in the presence of porosity will be described.  

 

2.1. Sintering continuum model 

The continuum theory of sintering defines the sintering behavior of a continuum compressible 

medium by the following stress and strain rate tensor equation [39, 40]. 
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𝜎 =
𝜎𝑒𝑞

𝜀̇𝑒𝑞
(𝜑𝜀̇ + (𝜓 −

1

3
𝜑) 𝑒̇𝕚) + (𝑃𝑙 − 𝑃𝑠)𝕚                                    (1) 

The right term 𝑃𝑙𝕚 is the capillarity force resulting from sintering stress that can be expressed 

theoretically via Skorohod equation (2) [41]. 

𝑃𝑙 =
3𝛼

𝑟
(1 − 𝜃)2                                                                  (2). 

In equation (1), the equivalent stress 𝜎𝑒𝑞 and strain rate 𝜀𝑒̇𝑞 ratio corresponds to the equivalent 

dense phase behavior. As pressureless sintering has low sintering stresses, the dominant 

sintering matter transport mechanisms are assumed to be diffusive or viscous mechanisms. 

These mechanisms are linear and obey linear viscous equation (3) [42]. 

𝜎𝑒𝑞 = 2𝜂𝜀𝑒̇𝑞                                                                       (3). 

For porcelain sintering which is based on liquid phase sintering (also called vitrification 

sintering), the mechanism is typically linear and also obeys equation (3). 

The temperature dependence of the material viscosity 𝜂 is typically [43]: 

2𝜂 = 𝜂0𝑇exp⁡(
𝑄

𝑅𝑇
)                                                                 (4). 

Equation (1) general form for pressureless sintering is then: 

𝜎 = 2𝜂 (𝜑𝜀̇ + (𝜓 −
1

3
𝜑) 𝑒̇𝕚) + (𝑃𝑙 − 𝑃𝑠)𝕚                                     (5). 

The porosity function 𝜑 and 𝜓 (shear and bulk modulus respectively) can also be theoretically 

defined via Skorohod’s equations [39, 41]: 

𝜑 = (1 − 𝜃)2                                                                       (6) 

𝜓 =
2

3

(1−𝜃)3

𝜃
                                                                          (7). 

In order to link the volume change rate (𝜀𝑥̇ + 𝜀𝑦̇ + 𝜀𝑧̇) and the porosity elimination rate 𝜃̇, the 

mass conservation equation is employed.  

𝜃

1−𝜃

̇
= 𝜀𝑥̇ + 𝜀𝑦̇ + 𝜀𝑧̇                                                               (9) 

Implementing equations (5,6,7 and 9) in a finite element code allows simulating the 

pressureless sintering. The main sintering parameters to determine are the following 𝜂0/𝛼, 𝑄 
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and the initial particle radius (see details in [20]). The shear and bulk moduli may also be 

determined experimentally[44], however using Skorohod equations[41], porous behavior can 

be approximated reducing drastically the identification methodology. 

𝜎 = 2𝜂 (𝜑𝜀̇ + (𝜓 −
1

3
𝜑) 𝑒̇𝕚) + (𝑃𝑙 − 𝑃𝑠)𝕚                                     (10). 

 

2.2. Anisotropic pressureless sintering model 

The 3D printing process implies a preferential interlayer porosity distribution [20, 21]. 

Consequently, the sintering shrinkage of the parts is rarely isotropic and may experience an 

anisotropic behavior. This anisotropic behavior can be inserted at the level of the viscosity 𝜂, 

shear and bulk moduli (𝜓⁡and⁡𝜑)  or sintering stress 𝑃𝑙 . However, in opposition to the 

nonlinear sintering law, the linear sintering equation does not distinguish the two latter terms 

that are generally defined together as shear and bulk viscosity [20, 45]. Therefore, the 

anisotropy behavior can be inserted at the level of the viscosity (𝜂𝑧 , 𝜂𝑟 ) having then a 

different value in the layers plane (R axis) and in the normal layers direction (Z axis).  

2𝜂𝑟 = 𝜂0𝑟𝑇exp⁡(
𝑄

𝑅𝑇
)                                                                 (11). 

2𝜂𝑧 = 𝜂0𝑧𝑇exp⁡(
𝑄

𝑅𝑇
)                                                                 (12). 

The anisotropic model parameters can be identified by adjusting the simulated sintering 

response to the dilatometry specimen diameter and height to obtain:  𝜂0𝑟 , 𝜂0𝑧  and 𝑄. The 

finite element simulation code employed was Comsol Multiphysics. 

 

3. Experiment and method 

This study is divided in three main stages including (i) the modeling parameters identification 

from dilatometry (ii) the correction of the model based on deflection sintering tests combined 

with the simulation tool and (iii) the final comparison of the resulting modeling approach on a 

complex shape. 
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3.1. Samples preparation 

The sintering dilatometry tests were conducted on the apparatus “Setaram TMA92” with 

3D printed porcelain cut in 6.7 mm height and 5.7 mm diameter specimens. The robocasting 

3D printing method was based on “delta wasp 2040 clay”. An aqueous porcelain ceramic 

paste consisting of “CERADEL PT010B” with 5 % of water addition was used for the 

robocasting process with the following printing conditions: print speed 50mm/s, nozzle size 

1.2 mm, extrusion gas pressure 4 bar, layer height 0.5 mm, bottom/top thickness 2 mm, shell 

thickness 2.4 mm, filling density 100 %. In a previous article [46], a dilatometric study was 

carried out showing the swelling phenomenon and allowing to determine an optimum 

sintering cycle providing high density while minimizing the pore gas pressure swelling 

phenomenon. This cycle is 1K/min to 1200°C with 2h holding. This thermal cycle has been 

used for all the experiments of this study, including for the dilatometric measurements. In 

order to determine the anisotropic sintering shrinkage magnitude for different experimental 

parameters, three runs of tests were done to investigate the effect of sintering heating rates, 

volume and filling ratio. The identification of the sintering parameters using equations (11 

and 12) will be done by the adjustment of the specimen dimensions. 

 

3.2. Bar deflection tests and anisotropic simulation 

In order to test and adjust the sintering parameters identified by dilatometry, the numerical 

tool is first compared to a bar deflection test. The latter dimensions are 6 × 6 × 60 mm. The 

bar is placed on the top of an alumina cup with a 45 mm inner diameter for allowing the 

specimen slumping during sintering. The configuration is presented in figure 1a. Figure 1b 

illustrates the distortion after the sintering (1K/min to 1200°C, 2h holding). A deflection of 

0.5 mm is observed. This experimental deflection will be compared to the finite element 

simulation result. 
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Figure 1 Bar deflection sintering test, a) configuration before sintering, b) lateral view of the 

sintered specimen. 

 

3.3. Cup shape sintering simulation 

After the calibration of the finite element sintering model from dilatometry and deflection 

tests, the sintering of a complex shape is studied to estimate the accuracy of the simulation 

tool on real objects. Two cup shape specimens are investigated with different dimensions to 

test the scale effect on sintering and the capacity of the numerical tool to predict the final 

shape dimensions. The smaller sample external dimensions are 32 mm height × 23 mm radius 

and the larger specimen, 60 mm height × 42 mm radius. These dimensions correspond to the 

dry printed shapes. The same dilatometry temperature cycle is imposed (1K/min to 1200°C, 

2h holding). Simulations are conducted using COMSOL Multiphysics software (version 5.5), 

with the “nonlinear materials” module to implement the sintering behavior. 

  

a) Bar deflection test (before sintering)

b) Post-sintering distortion
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4. Results and discussions 

4.1. Sintering anisotropy characterization 

Figure 2 shows the results of the post-sintering anisotropy study. The anisotropy is 

characterized by measuring the ratio of the final and initial height and diameter. If the 

sintering is isotropic, the ratio hf/hi and df/di must be the same, and different if anisotropic 

shrinkage occurs. In a previous study [46], sintering with different heating rates has been 

explored by dilatometry on the “10 mm” specimens. The results presented in figure 2a, show 

an anisotropic shrinkage behavior with hf/hi close to 0.83 and df/di close to 0.9. The heating 

rate does not have any noticeable impact on these ratios. Very similar results are obtained for 

the scalability and filling ratio tests illustrated in figure 2b and figure 2c respectively. Bigger 

specimens and high void ratios in the volume of the specimen do not generate significant 

differences in the anisotropy behavior. In overall, the average hf/hi ratio is 0.89 ± 0.01 and 

df/di ratio is 0.82 ± 0.01. This reproducibility of the anisotropic sintering shrinkage indicates 

the latter must be originated from the layered printing conditions rather than the heating cycle, 

the specimen size or its architecture (filling ratio). This means that the sintering shrinkage can 

be predicted by the finite element simulation after a careful identification of the anisotropic 

sintering conditions. In below section the identification process begins with the dilatometry 

test. 
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Figure 2 Sintering anisotropy parametric analysis: a) effect of heating rate of 10 mm 

specimens, b) scale effect on specimens with diametric homothetic increase from 10 to 30 mm, 

c) filling ratio effect on 30 mm diameter samples, the filling architecture is shown on lower 

right by the yellow walls in the volume of the parts. 

 

4.2. Determination of the sintering model anisotropic parameters 

The sintering cycle, height, diameter and porosity of the dilatometry test are shown in 

figure 3. These experimental sintering data are used to adjust the sintering model that will 
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reproduce these anisotropic sintering responses. As a starting point, the isotropic model 

parameters employed in ref[46] will be used and modified to reproduce the anisotropic 

behavior. Two modeling approaches are investigated; one will consider the trapped gas 

pressure in the closed pores at the final stage [46] and will be referred as “pore gas pressure 

model”. The other modeling approach will consist in the use of a threshold law on the bulk 

modulus (11) to explain the sintering slowdown at the final stage (by a critical porosity 𝜃𝑐) 

instead of considering the trapped gas pressure in pores. This approach will be referred as 

“threshold model”. 

𝜓 =
2

3

(1−𝜃)3

(𝜃−𝜃𝑐)
                                                                          (11). 

The two sintering models are reported in figure 3 after the adjustment of their parameters. 

Both succeed to reproduce the sintering response of the printed sample and have in common 

the activation energy of 300.3 kJ/mol and 𝜂0𝑧 = 3.00𝐸 − 3⁡𝑃𝑎. 𝑠 . Then, the “pore gas 

pressure model” considers the function 𝑃𝑠 determined in ref[46], the shear modulus expression 

(7) and: 

𝜂0𝑟 = 𝜂0𝑧 + 0.001𝜃2.5       (12). 

The porosity function in the expression of 𝜂0𝑟 is a variable tending to zero at full density. The 

latter function gradually suppresses the anisotropy behavior as the porosity decreases. This 

function considers the porosity distribution (higher interface porosity) as the origin of the 

anisotropic behavior. Consequently, at full density, the anisotropic model tends to a pure 

isotropic creep model[20]. 

The “threshold model” considers a critical porosity of 𝜃𝑐 = 0.068  in the bulk modulus 

equation (11), 𝑃𝑠 = 0 and: 

𝜂0𝑟 = 𝜂0𝑧 + 0.00021(𝜃 − 0.068)2.7    (13). 

We can note the porosity expression of 𝜂0𝑟 also has a critical porosity because the underlying 

hypothesis of the “threshold model” is the presence of large size and stable pores at the final 

stage. With such hypothesis the anisotropy should vanish when these stable pores appear. 
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Figure 3 Sintering model identification from dilatometry tests, a) adjustment of the modeled 

specimen diameter and height, b) experimental and modeled porosity. 
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4.3. Simulation of the sintering deflection test 

In this section, the “pore gas pressure model” and “threshold model” are tested on the 

deflection case; the results are shown in figure 4. The two lateral supports correspond to the 

alumina cup edge represented in figure 1a. In these simulations the stress developed along the 

bar direction is in tension below the bar and in compression on the upper part. However, the 

model identified by dilatometry (1X) predicts an excessive deflection compared to the 

experiment (0.5 mm). This difference is supposed to be attributed to the preferential 

orientation of the extruded rods along the bar while typical printed samples in figure 2 are a 

sequence of layers with different rod orientations. In order to slow the creep deformation 

behavior while keeping the anisotropic sintering behavior unchanged, one way is to modify 

exclusively the shear creep viscosity by an amplification factor. By doing so, only the shear 

components are affected without modifying the diagonal term of the tensors component in 

equation (10). The first observation of figure 4 is that a high amplification factor is required to 

significantly slow down the shear deformation. In the “pore gas pressure model” the effect is 

very limited, only the “threshold model” seems to efficiently react to this additional factor. In 

order to find the optimum shear factor, the modeled deflection results have been plotted in 

figure 5a. The optimum factor is 44, the corresponding simulation is reported in figure 5b 

with (as comparison) the lateral view of the bar deflection test showing similar deflection 

levels. At this stage we obtain a model reproducing the anisotropic sintering response and the 

high creep resistance of preferential rods orientation in bars shapes. However, the reason for 

this high creep resistance is questioning and in the next section, we will explore two possible 

reasons for this creep resistance by mesoscale simulations. 
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Figure 4 Modeling of the sintering deflection test by pore gas (a) and threshold (b) 

approaches, the creep based deflection magnitude has been modified via a parametric study 

on the shear viscosity terms. 
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Figure 5 a) Deflection curves for different shear viscosity factors, b) experimental vs optimum 

sintering simulation for the bar post-sintering deformation. 

 

4.4. Mesoscale sintering simulation 

Before simulating the creep behavior at the microstructure level, a careful analysis of the 

sintered porcelain microstructure is required. The optical microscopy and EDS mapping of 

the polished sample are reported in figure 6a and b. The microstructure is homogeneous as 

shown in figure 6c. Vitrification is the mechanism by which porcelain sintering occurs: the 

microstructure typically shows an important proportion of glass phase with multimodal 

porosity size and the presence of large silica particles trapped in the glassy phase. In the EDS 

map of Al, Si elements on figure 6b, the silica phase appears in green, the mixed violet/green 

area is the glassy phase, and black zones are porosity. As highlighted in the previous paper 

[46], the sintering of this material suffers from a swelling phenomenon which induces an 

important pore growth in the interlayer zone. From this microstructure observation, two 
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origins for the creep resistance will be explored. On one hand, the align rods and the close 

pore gas pressure at the interlayer may implicate a higher effective consistency in shear 

solicitation. On the other hand, the silica large particles preferentially oriented in the extrusion 

direction (see figure 6b) may also increase the effective shear viscosity by playing a similar 

role than rigid inclusions. 

 

Figure 6 a) Optical microscopy of the sintering specimen microstructure, b) Al, Si elements 

EDSmap of the latter microstructure c) microstructure at the upper, middle, and lower part of 

a 10 mm diameter sintered specimen. 
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These two approaches will be tested in a mesoscale simulation with the aim of testing the 

magnitude of both hypotheses on the effective viscosity amplification. As represented in 

figure 7a, the mesoscale simulation is built as a virtual shear test at microstructure level. For 

neglecting the densification effect, the porosity of the bulk is taken to the value of 0.1, a value 

close to the overall porosity at the beginning of the holding where the deflection phenomenon 

is active. In this shear configuration, the shear creep strain rate expression is: 

𝜀𝑦̇𝑧 =
1

2𝜂

𝜎𝑦𝑧

𝜑
       (14). 

The sliding velocity 𝑣𝑔 is related to the strain rate by: 

𝜀𝑦̇𝑧 =
|𝑣𝑔|

2𝑒
       (15). 

The effective viscosity is then calculated by: 

𝜂 =
𝑒

|𝑣𝑔|

𝜎𝑦𝑧

𝜑
       (16). 

In the simulation illustrated in figure 7, the effect of the interlayer higher porosity is tested. 

The thickness of the layer and interlayer porous zone has been determined by the 

microstructure on figure 6a. The shear displacement is shown in figure 7b ; the term -Pl+Pgas 

can be assimilated to the effective sintering stress. The latter has a negative value when the 

curvature capillarity forces dominate (densification) and a positive value when trap gas 

pressure dominates (swelling). With the chosen porosity, the mesoscale simulation (figure 7b) 

predicts a situation of swelling in the interlayer region and densification in the layer bulk. 

This situation is very close to the microstructure seen on figure 6 with large pores at the 

interfaces. This particular situation allows the layer to slide over each other and generates a 

highly effective shear viscosity more than ten times the bulk viscosity (figure 7c). The local 

maximum at 1200 s in figure 7c seems to correspond to the onset of intense swelling (Pl<<Pgas 

and significant increase of the porous layer thickness). 
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Figure 7 Mesoscale simulation of the layered microstructure assuming pore gas pressure and 

lower porosity in the layers interfaces, a) microstructural model structure, b) mesoscale 

simulated images of the shear deformations and effective sintering stress (-Pl+Pgas), c) 

simulated apparent shear viscosity vs continuum viscosity. 
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glassy phase responsible for sintering densification. For the 25%, the amplification of the 

effective viscosity is only twice the bulk. However, assuming the SiO2 is partially dissolved 

into the glassy phase during sintering, the zone of rigid influence may be higher. Therefore a 

higher content of SiO2 may also be considered even if their amplification influence on the 

effective viscosity is only five times the bulk viscosity. This mesoscale simulation shows the 

effective viscosity for creep deformation may be higher than the effective viscosity calculated 

from the sintering phenomenon. Both SiO2 inclusions and interlayer structure swelling may 

play a role in the creep resistance experimentally observed. 

 

Figure 8 Mesoscale simulation of the layered microstructure assuming SiO2 rigid inclusions, 

a) microstructural model structure, b) simulated apparent shear viscosity vs continuum 

viscosity for different content of SiO2, c) mesoscale simulated images of the shear 

deformations. 
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4.5. Cup shape experimental/numerical comparison 

The first aspect to take into account for modeling the cup shapes sintering from green state is 

the drying step that modifies the 3D design dimensions. Without a 3D scanner or a numerical 

simulation tool able to predict the drying stage, a correction on the height and radial 

dimension was applied to match the green shape dimensions from the printed CAD 

(Computer Aid Design) shapes. The dimensions of the green printed cups were measured 

accordingly to the scheme on figure 9a (r1,r2,r3,r4 and h). In figure 9bc, the radial dimensions 

of the cup were fitted with a polynomial function allowing applying the radial dry shape 

correction to the FEM green shape. In the same way, the vertical dimensions of the CAD file 

were corrected based on the cup height information. This approach is not ideal as not all the 

dry radial dimensions matched (only two of them are approached). 

 

Figure 9 a) Cup shape main reference dimensions, b,c) experimental radial corrective factor 

vs cup height to assumes the shape drying shrinkage on the initial simulated geometry for the 

small cup (b) and large cup (c). 
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The results of the simulation of the small and large cups by “pore gas pressure” and 

“threshold” approach are illustrated in figure 10ab. For the “threshold” approach, the shear 

viscosity amplification factor (44) was taken into account for the lateral parts of the shape 

(without the support) because this zone has a preferential orientation like for the bar shape 

(figure 4b). The simulation figure 10ab shows the stress developed in the shape by the action 

of its own weight. As expected, the stress is higher for the large cup. The internal stress is 

concentrated in the zone “r2” (see figure 9a). This zone has a cantilever shape and supports 

the weight of the upper part. If the wall thickness had been thinner in this area (like for lattice 

structures), a distortion could have happened. 

In figure 10c, the experimental/simulated dimensions of the green sintered and simulated 

sintered shapes are compared. The ratio of the final and initial dimensions (df/di) highlights 

the anisotropic behavior. The dimensions of the two simulation approaches are very close; the 

error is in most cases below 5%. For the small cup, a higher error close to 8% is noted and can 

be explained by the lower experimental anisotropy of this small cup shape. It is possible that 

the thin wall of this shape implies a different extruded rod distribution and then a different 

sintering behavior. 
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Figure 10 Simulated small and large cup sintering with pore gas model (black lines 

correspond to the green shape dimensions) (a) and the threshold approach with shear 

viscosity correction (b). 

 

Table 1 Simulation/experiment dimensions comparison  
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5. Conclusion 

In this study, a comprehensive simulation method of robocasted ceramic sintering has been 

presented. This approach encompasses the identification of the anisotropic sintering behavior, 

the adjustment of the sintering model via deflection sintering tests, and the finite element 

simulation of a complex shape. The aim of this study is to establish a methodology able to 

simulate the sintering of 3D printed ceramic object. This numerical tool is required to predict 

at the design stage the shape distortions of the sintering stage. This modeling approach is 

aimed at helping the design of the shapes and supports at the conception stage for production 

purpose. The following points are highlighted: 

 The anisotropic sintering model can be identified by the adjustment of dilatometry and 

deflection sintering tests. The sintering behavior and creep deformation at high 

temperature are determined experimentally by this method. 

 The model can take into account late stage sintering swelling phenomena and the 

shrinkage anisotropy originated from a heterogeneous porosity distribution during the 

printing. 

 The printed specimens have a layered structure implying a noticeable creep 

deformation resistance at high temperature. The deflection test showed a very limited 

deformation. From mesoscale simulations, this phenomenon may be explained by a 

combination of SiO2 particle acting like rigid inclusions and the trap gas pressure in 

the interlayer area generating a localized layered stress field. 

 The simulation tool predicts the sintering shrinkage with precision below 5%. A 

discrepancy is noted on printed shapes with a thin wall probably due to a different 

printing layered structure at the edges. 
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Figure captions 

 

Figure 1 Bar deflection sintering test, a) configuration before sintering, b) lateral view of the 

sintered specimen. 

Figure 2 Sintering anisotropy parametric analysis: a) effect of heating rate of 10 mm 

specimens, b) scale effect on specimens with diametric homothetic increase from 10 to 

30 mm, c) filling ratio effect on 30 mm diameter samples, the filling architecture is shown on 

lower right by the yellow walls in the volume of the parts. 
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Figure 3 Sintering model identification from dilatometry tests, a) adjustment of the modeled 

specimen diameter and height, b) experimental and modeled porosity. 

Figure 4 Modeling of the sintering deflection test by pore gas (a) and threshold (b) 

approaches, the creep based deflection magnitude has been modified via a parametric study 

on the shear viscosity terms. 

Figure 5 a) Deflection curves for different shear viscosity factors, b) experimental vs optimum 

sintering simulation for the bar post-sintering deformation. 

Figure 6 a) Optical microscopy of the sintering specimen microstructure, b) Al, Si elements 

EDSmap of the latter microstructure c) microstructure at the upper, middle, and lower part of 

a 10 mm diameter sintered specimen. 

Figure 7 Mesoscale simulation of the layered microstructure assuming pore gas pressure and 

lower porosity in the layers interfaces, a) microstructural model structure, b) mesoscale 

simulated images of the shear deformations and effective sintering stress (-Pl+Pgas), c) 

simulated apparent shear viscosity vs continuum viscosity. 

Figure 8 Mesoscale simulation of the layered microstructure assuming SiO2 rigid inclusions, 

a) microstructural model structure, b) simulated apparent shear viscosity vs continuum 

viscosity for different content of SiO2, c) mesoscale simulated images of the shear 

deformations. 

Figure 9 a) Cup shape main reference dimensions, b,c) experimental radial corrective factor 

vs cup height to assumes the shape drying shrinkage on the initial simulated geometry for the 

small cup (b) and large cup (c). 

Figure 10 Simulated small and large cup sintering with pore gas model (black lines 

correspond to the green shape dimensions) (a) and the threshold approach with shear viscosity 

correction (b). 

 

Table captions 

Table 2 Simulation/experiment dimensions comparison 


