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Abstract 

Pressure-assisted sintering models involve numerous closely correlated parameters that 

depend on temperatures, porosity, and microstructure development. Consequently, the 

identification of the model parameters is relatively lengthy and requires experiments to extract 

the underlying creep behavior (pressure/temperature dependent), shear, bulk sintering moduli 

that are porosity-dependent, and grain growth. Knowing that certain sintering mechanisms are 

grain-size dependent, it is very difficult to assess the densification behavior for the case of 

ceramics. We have already developed a sinter-forging method to assess independently all 

parameters for ceramics. However, this method implies numerous interruption tests to measure 

the specimen diameter evolution, and the capillarity forces were neglected. In this study, an 

instrumented microwave sinter-forging prototype avoiding highly repetitive interruption tests 

has been developed to record the specimen diameter evolution of submicronic alumina powder 

samples. The new method includes the effect of the capillarity forces on the identification 

equations, making the model more realistic for submicronic ceramics. The resulting model was 

tested on a finite element code for validation and to explore its stability for complex shapes. 
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Highlights 

 

 Pressure assisted sintering model assessment  

 Identification including the capillarity forces 

 Instrumented porous stage method insensitive to grain growth 

 

Nomenclature 

Alphabetical terms and abbreviations 

 

A Creep law deformability term (Ks-1Pa-n) 

𝐴0 Deformability pre-exponential factor (Ks-1Pa-n) 

D Diffusion coefficient (m2.S-1) 

𝑒̇ Trace of the strain rate tensor (s-1) 

𝕚 Identity tensor  

n Creep law stress exponent 

Pl Sintering stress (N.m-2) 

𝑟 Particles radius (m) 

T Temperature (K) 

HIP Hot isostatic pressing 

SPS Spark Plasma Sintering 

HP Hot pressing 

SF Sinter-forging 

𝑎, 𝑏, 𝑐 Fitting constants 

𝑡 Time (s) 

𝑠 Deviatoric stress tensor (N.m-2) 

𝑃 Hydrostatic stress (N.m-2) 

 

Greek symbols 

θ Porosity 

𝜃̇ Porosity elimination rate (s-1) 

𝜌 Relative density 

𝜎 Stress tensor (N.m-2) 

𝜎𝑒𝑞 Equivalent stress (N.m-2) 

𝜀̇ Strain rate tensor (s-1) 

𝜀𝑒̇𝑞 Equivalent strain rate (s-1) 
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𝜑 Shear modulus 

𝜓 Bulk modulus 

𝛼 Surface energy (J.m-2) 

𝛾̇ Shear strain rate invariant (s-1) 

𝜀𝑧̇ Axial strain rate tensor component (s-1) 

𝜀𝑟̇ Radial strain rate tensor component (s-1) 

𝜎𝑟 Radial stress tensor component (N.m-2) 

𝜎𝑧 Axial stress tensor component (N.m-2) 

𝜃𝑐 Critical porosity 

𝜇 Bulk modulus exponent 

#1 𝑜𝑟 2 the subscripts 1 or 2 refer to parameters at different pressures 

 

1. Introduction 

Pressure-assisted sintering methods, such as Hot Isostatic Pressing (HIP) or Spark Plasma 

Sintering (SPS), play a pivotal role in sintering high-performance materials. The application of 

pressure facilitates a reduction in the sintering temperature, thereby preserving submicronic 

grain sizes. Additionally, it facilitates the complete elimination of porosity, enabling the 

fabrication of transparent ceramics, and aids in sintering ultra-refractories with minimal or no 

sintering additives [1,2,11,3–10]. However, pressure-assisted sintering encompasses diverse 

mechanisms highly sensitive to applied stress, grain size, and temperature [6,12]. 

Deformation/sintering maps [13–15], for instance, assist in identifying temperature and 

pressure zones where various sintering mechanisms prevail over others. Mechanisms such as 

grain boundary/lattice diffusion/grain boundary sliding exhibit varying sensitivity to grain size, 

while others like dislocation creep are generally assumed to be grain size independent [6]. 

In ceramics, the final stage grain growth is a critical factor, significantly disturbing the 

underlying creep mechanisms. For instance, a grain size increase of twice involves a grain-

boundary diffusion mechanism rate divided by a factor of 8. In many ceramics, final stage grain 

growth surpasses twice the initial grain size which substantially disrupts sintering mechanisms 

[16]. Consequently, identifying the underlying creep mechanism during pressure-assisted 
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sintering of ceramics cannot rely on the creep data of bulk materials like it is done for metals 

[17–25] that often exhibit grain size-independent mechanisms (dislocation-based). 

The high sensitivity of ceramics sintering behaviors to grain growth is one of the greatest 

obstacles of ceramic models assessment that prevents the direct identification by mechanical 

tests. To partially solve this problem, we have developed methods capable of assessing both the 

creep and densification parameters directly from porous stage tests (far from grain growth 

zone). A first method[26,27] is based on the kinetic fields [28] (or master sintering 

curves[29,30]). It involves initially the identification of the sintering activation energy from 

various heating rate tests, followed by a parametric regression [31] study to calibrate the moduli 

using the independently identified activation energy as a reference. While this method is 

relatively fast and efficient, we have developed an isobar/isotherm method based on sinter-

forging tests [16] to ensure identifying sintering behavior reflecting the reality of the porous 

skeleton. This unique method allows the assessment of sintering parameters without the risk of 

grain growth disturbance and provides valuable experimental shear and bulk moduli data for 

zirconia, facilitating the reproduction of highly responsive sintering densification curves 

observed in flash spark plasma sintering [32]. Furthermore, coupling these experimental moduli 

with mesoscale simulation aids in studying surface diffusion effects [33–36] by comparing 

different possible porosity geometries [32]. However, this method [16] necessitates knowledge 

of the diameter expansion of the sinter-forged sample, involving numerous repetitive 

interrupted tests to record the sample diameter evolution and it neglects the capillarity forces. 

The grain growth independent sintering identification method is still very long and highly 

sensitive to experimental errors by the number of tests required to assess the specimen diameter. 

In this study, we present an experimental and fully instrumented sinter-forging prototype 

designed to record in situ the specimen diameter evolution. This prototype was mounted on a 

press-equipped microwave oven, enabling the imposition of high heating rates comparable to 

those commonly applied in the spark plasma sintering process. In addition, the set of 

identification equations has been adapted to take into account the capillary forces present in 
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most submicronic ceramic powders. This new assessment method provides a valuable solution 

to identify the sintering simulation parameters from mechanical tests without grain growth 

disturbance, reductive hypotheses and with a reliable experimental protocol. 

This article is organized as follows: the experimental prototype and starting powder are 

presented first. Afterward, the model main equations and their rearranging to obtain the sinter-

forging assessment equations is presented with, in the next section, the complete description of 

the 4-step identification method proposed. The experimental curves, identification and 

modeling verification are presented in the results section. In the end, a complex shapes 

simulation case is tested (using the identified parameters) to illustrate the simulation 

possibilities. 

 

2. Experiment and method 

2.1. Instrumented sinter-forging prototype 

The original identification equations use sinter-forging tests to identify all the sintering 

parameters from porous specimens. Specifically, these equations require the separate 

identification of shear and bulk behaviors, necessitating a system of two equations. While 

different sintering test couples, such as hot pressing (HP)/sinter-forging (SF) or hot isostatic 

pressing (HIP)/sinter-forging (SF), can be employed to separate these behaviors, this approach 

increases the number of tests and introduces errors between them. To address this, alternative 

methods utilize instrumented single tests with stress/displacement data in axial and radial 

directions, allowing the establishment of a system of two equations capable of simultaneously 

identifying shear and bulk behaviors. For instance, a hot pressing test with information on the 

radially developed stress is employed to identify the porous plasticity model of cold 

compaction. A similar approach is used by Geindreau et al [20], to identify lead sintering. We 

have also employed a similar strategy for virtually identifying the moduli from mesoscale 



 6 

simulations [32]. However, for ceramics, the high temperature sensitivity of pressure sensors 

makes this experimental approach challenging. 

In this context, sinter-forging serves as a viable alternative, applicable in classic hot pressing 

devices without dies, where specimen diametric expansion can be easily obtained using a 

contour camera or, as in this study, a contact displacement sensor. The microwave energy in 

this work is employed to control the heating of the pressing device. This microwave sinter-

forging prototype is particularly interesting as it allows control over slow to fast heating rates, 

ranging from conventional 5K/min to spark plasma sintering 100K/min. Through the use of 

silicon carbide susceptors, heating can be homogeneously imposed to the specimens. 

The microwave press device is supplied by SAIREM® (SAIREM® LABOTRON IWASP2000 

2TE). A 2.45 GHz solid-state microwave generator (SAIREM® GMS1000MS) is utilized with 

an auto-adaptive PID regulator (SAIREM® EUROTHERM2408). As alumina poorly interacts 

with microwaves, SiC susceptors are positioned on the upper and lower punches in contact with 

the specimen. These susceptors heat and compensate for the cooling fluxes resulting from the 

punches. To minimize lateral cooling, two SiC susceptors are added on the sides of the 

specimen (see configuration in figure 1a). The device records the specimen surface temperature 

with a pyrometer pointing at the sample. On the other side, an alumina plunger is added to 

record the radial displacement using a displacement sensor magnescale DS830SLR[37] 

(figure 1a). The sinter-forging test employs isobar/isotherm tests, and the axial/radial 

displacement curves are calculated from the final specimen dimensions.  

To maximize sintering amplitude, a heating rate of 100K/min is selected, and pressure is applied 

at the beginning of the temperature dwell (see cycle in figure 1b).  
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Figure 1 (A) Scheme of the microwave sinter-forging prototype designed to heat a ceramic 

specimen by SiC susceptors from the sides, upper and lower punches while allows the diameter 

expansion measurement and a backward temperature measurement by pyrometer; the sinter-

forging curves should be in isotherm and isobar conditions, the cycle presented in (B) apply 

the pressure at the beginning of the dwell to preserve a maximum of sintering amplitude and a 

100K/min cycle is used to study similar conditions of advanced methods like the spark plasma 

sintering. 

 

2.2. Materials 

A submicronic alumina powder (Baikowski® BMA15) is used for the sinter-forging of 

presintered Ø12, h8 mm samples. This alumina grade is 100% α crystalline phase, with a 

specific surface of 15 m2/g, a d50 of 0.12 µm and a high purity of 99.99%. With the BMA15 

alumina powder, the explored temperature range (where sintering is active) is 1000, 1100, and 

1200°C at 30MPa. For the 1200°C temperature, another test is conducted to identify the stress 

exponent [38]. The details of the sintering model governing equation and the assessment 

method is provided in the next section. 

 

20 mm

SiC
heating 
element

Pressure

T dwell

8 MPa

P dwell

Analysis zone: isobar/isothermRT

(A)
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3. Theory and calculations 

3.1. Sintering model and sinter-forging test equations 

The sintering of 3D objects or of complex hot pressing devices can be simulated by the finite 

element method (FEM). The commercial software COMSOL multiphysics® is used to 

draw/import the geometry, discretize it by an automatic meshing module, affect motions and 

pressure boundary conditions, compute and treat the simulation results. The main equation of 

the continuum theory of sintering[39,40] implemented in the software is the following: 

𝜀̇ = 𝐴(𝑇)𝜎𝑒𝑞
𝑛−1 (

𝑠

𝜑
+

(𝑃−𝑃𝑙)

3𝜓
𝕚)         (1) 

With A the temperature dependent creep term which has the following expression in the grain 

growth inactive zone. 

𝐴(𝑇) = 𝐴0
exp (

−𝑄

𝑅𝑇
)

𝑇
          (2) 

Pl is the sintering stress that can be modeled by Skorohod’s theoretical[40] expression which 

depends on the porosity, surface energy (1.12 J/m2 for alumina [41]) and the particle radius that 

can be assumed constant in high porosity tests where grain growth is limited. 

𝑃𝑙 =
3𝛼

𝑟
(1 − 𝜃)2           (3) 

For the case of sinter-forging and assuming no friction, a homogenous temperature, the 

specimen has a stress only in axial direction and the same displacement in radial direction. 

𝜎 ≡ (
0 0 0
0 0 0
0 0 𝜎𝑧

) ; 𝜀̇ ≡ (

𝜀𝑟̇ 0 0
0 𝜀𝑟̇ 0
0 0 𝜀𝑧̇

)       (4) 

The analytical formulation of sinter-forging can be calculated from equations (1) and (4). 

Taking into account the sintering stress Pl, the analytic model is describing the axial and radial 

strain rates, which are detailed in ref [16] and have the following form. 

𝜀𝑧̇ = 𝐴(

2|𝜎𝑧|
2

3𝜑
+
(−
|𝜎𝑧|
3
−𝑃𝑙)

2

𝜓

1−𝜃
)

𝑛−1

2

(−
2|𝜎𝑧|

3𝜑
+

(−
|𝜎𝑧|

3
−𝑃𝑙)

3𝜓
)      (5) 
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𝜀𝑟̇ = 𝐴(

2|𝜎𝑧|
2

3𝜑
+
(−
|𝜎𝑧|
3
−𝑃𝑙)

2

𝜓

1−𝜃
)

𝑛−1

2

(
|𝜎𝑧|

3𝜑
+

(−
|𝜎𝑧|

3
−𝑃𝑙)

3𝜓
)      (6) 

3.2. Stress exponent “n” identification  

There are numerous ways to identify the stress exponent like creep tests on dense 

specimens[18,19], and sintering tests at different pressures and close porosities [31,42]. In a 

previous study [38], we compared the "stepwise" method applied to Spark Plasma Sintering 

(SPS), also known as multi-step pressure dilatometry [42], with a sinter-forging test method at 

constant porosity. We demonstrated that all methods converge to similar values for alumina, 

and the method should incorporate the sintering stress if the powder is submicronic (Pl is not 

negligible). The latter method is preferred in the present work, which focuses on sinter-forging. 

The identification equation for the stress exponent is determined as follows.  

The method involves conducting two sinter-forging tests at the same temperature but with 

different pressures. At a fixed relative density, the axial strain rates are measured for the two 

pressures (𝜀1̇, 𝜀2̇). The value of "n" is then determined by the ratio of these strain rates using 

the following identification equation[38]. 

𝑛 = 1 +

𝑙𝑛

(

  
 𝜀̇1
𝜀̇2

(

 
 −

2|𝜎2|
3𝜑

+
(−
|𝜎2|
3

−𝑃𝑙)

3𝜓

−
2|𝜎1|
3𝜑

+
(−
|𝜎1|
3

−𝑃𝑙)

3𝜓 )

 
 

)

  
 

𝑙𝑛

√
  
  
  
  
  

2|𝜎1|
2

3𝜑
+
(−
|𝜎1|
3

−𝑃𝑙)
2

𝜓

2|𝜎2|
2

3𝜑
+
(−
|𝜎2|
3

−𝑃𝑙)
2

𝜓

         (7) 

For the BMA15 alumina powder, considering the sintering stress Pl, a stress exponent value (n) 

of 2.3 has been previously identified [38]. This value is retained for this study, which utilizes 

the same powder. In the following sections, detailed identification equations for determining 

all other sintering parameters (φ, ψ, A) from sinter-forging tests are provided. Similar to a 

previous approach [16], the method relies on sinter-forging, using the axial and radial 

displacements that can be experimentally measured. In this new approach, the equation 
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incorporates the sintering stress Pl. This updated approach allows exploration of lower applied 

pressures where the sintering stress competes with the applied stress. Moreover, this method is 

highly recommended for nano/submicronic powders with significant capillarity stresses, a 

common scenario in ceramics 

3.3. Identification of the moduli φ, ψ and A 

The method uses the axial and radial displacement data so equations (5) and (6) are the main 

starting point of this approach. Taking (5)/(6) and rearranging them, we obtain: 

𝜀𝑧̇ (
|𝜎𝑧|

3𝜑
+

(−
|𝜎𝑧|

3
−𝑃𝑙)

3𝜓
) = 𝜀𝑟̇ (−

2|𝜎𝑧|

3𝜑
+

(−
|𝜎𝑧|

3
−𝑃𝑙)

3𝜓
)       (8). 

Isolating the ratio φ/ ψ, we have: 

𝜑

𝜓
=

|𝜎𝑧|(𝜀̇𝑧+2𝜀̇𝑟)

(−
|𝜎𝑧|

3
−𝑃𝑙)(𝜀̇𝑟−𝜀̇𝑧)

           (9). 

Inserting (9) in (5) and rearranging them, we have: 

𝜑 = (
𝐴(𝑇)

𝜀̇𝑧
)

2

𝑛+1
(

2|𝜎𝑧|
2

3
+
|𝜎𝑧|(𝜀̇𝑧+2𝜀̇𝑟)(−

|𝜎𝑧|
3
−𝑃𝑙)

(𝜀̇𝑟−𝜀̇𝑧)

1−𝜃
)

𝑛−1

𝑛+1

(−
2|𝜎𝑧|

3
+

|𝜎𝑧|(𝜀̇𝑧+2𝜀̇𝑟)

3(𝜀̇𝑟−𝜀̇𝑧)
)

2

𝑛+1
    (10). 

The shear modulus is a porosity function that can be described by the following equation with 

𝜃𝑐 a value slightly higher than the initial porosity [16,43] and 𝜇 an adjustable exponent to be 

determined experimentally. 

𝜑 = (1 −
𝜃

𝜃𝑐
)
𝜇

           (11) 

Inserting (11) in (10) and rearranging, we obtain the following identification equation. 

𝑌 = −
(𝑛+1)

2
𝑙𝑛

(

 
 
(

2|𝜎𝑧|
2

3
+
|𝜎𝑧|(𝜀̇𝑧+2𝜀̇𝑟)(−

|𝜎𝑧|
3
−𝑃𝑙)

(𝜀̇𝑟−𝜀̇𝑧)

1−𝜃
)

𝑛−1

𝑛+1

(−
2|𝜎𝑧|

3𝜀̇𝑧
+

|𝜎𝑧|(𝜀̇𝑧+2𝜀̇𝑟)

3𝜀̇𝑧(𝜀̇𝑟−𝜀̇𝑧)
)

2

𝑛+1

)

 
 
= 𝑙𝑛(𝐴(𝑇)) −

𝜇 (
(𝑛+1)

2
𝑙𝑛 (1 −

𝜃

𝜃𝑐
))           (12) 
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If the stress exponent “n” is identified separately and with the axial and radial experimental data 

of the sinter-forging test (giving 𝜀𝑧̇, 𝜀𝑟̇, 𝜃), all the terms of the left-hand side called “Y” can be 

calculated. From the right-hand side, the term 
(𝑛+1)

2
𝑙𝑛 (1 −

𝜃

𝜃𝑐
) can be calculated using 𝜃𝑐 =

𝜃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 0.1 [16,43]. 

Consequently, using an isobar/isotherm sinter-forging test and plotting the following linear 

regression equation (13), the shear modulus φ can be obtained by the slope giving the exponent 

“µ” and the origin gives 𝑙𝑛(𝐴) for this temperature. 

𝑌 = 𝑓 (
(𝑛+1)

2
𝑙𝑛 (1 −

𝜃

𝜃𝑐
))          (13) 

The remaining unknown is the bulk modulus ψ. The latter can be determined from the shear 

modulus φ and the axial and radial strain rates of the same sinter-forging test using equation 

(9). 

 

3.4. Sintering model parameters identification method in 4 steps 

The methodology used in this paper to identify the sintering parameters is summarized in 

figure 2. The experimental identification method is divided in four main steps.  

 Step 1 is the treatment of the experimental data that are the axial/radial displacements 

giving the specimen height and diameter evolution and the applied axial force. From 

these inputs data, the axial and radial strain rates can be calculated from the 

displacement rates. The true stress can be calculated with the information of the sample 

diameter curve and the porosity can be assessed with the dimensional data and the 

theoretical density of alumina 3.98 g.cm-3. The axial/radial strain rates, the true stress 

and the porosity determination allows assessing all the sintering parameters. 

 Step 2 consists in the identification of the model stress exponent “n” from two sinter-

forging tests at the same temperature but with different pressures. At fixed porosity, 

equation (7) can be used to identify the “n” from the porosity elimination rates ratio of 
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the two tests. As explained earlier, this part of the study has been done in a previous 

work [38] giving n=2.3. 

 In step 3, the identification of the shear modulus exponent “µ” and the A creep term is 

done using, respectively, the slope and origin of the linear regression equation (12). This 

regression is made for all the sinter-forging tests to have the temperature evolution of 

A. Typically, as the moduli are unique porosity functions in close conditions, the “µ” 

values (slope) are expected to be closed for the different temperature tests and in the 

curve fitting, a fix value is often selected. To identify the A0 and Q values of the A creep 

term, the logarithm of equation (2) is used to plot the linear regression of ln(A) vs 1/RT. 

The slope gives Q and the origin gives ln(A0). 

 The last remaining parameter is the bulk modulus ψ. Step 4 is the identification of this 

modulus using equation (9) where the axial/radial strain rate ratio and the previously 

determined shear modulus are used. In equations (7), (9) and (12), the sintering stress 

Pl is calculated using equation (3). 
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Figure 2 The four main steps of this study are presented in this figure : from the experiment 

and curve calculation, (with the point indication the height and diameter velocity step 1) to the 

step by step identification of “n” (step 2), A and φ (step 3) and the bulk modulus ψ (step 4); the 

identification equation are highlighted in blue. 

 

Sinter-forging

Time

h
&

 d

d

h

h

d

Step 3: Identification of ϕ and A at different temperatures

Step 1: Sinter-forging instrumented experiments

Step 4: Identification of ψ
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Time
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4. Results and discussions 

In this section, we provide a detailed explanation of the identification method from steps 1 to 

4. Subsequently, the sintering parameters are utilized to simulate sinter-forging tests and 

achieve complex shape densification through Finite Element Method (FEM) simulation. 

 

4.1. Sinter-forging curves 

The sinter-forging curves (step 1) are presented in figure 3. The specimen height curves 

(figure 3a) exhibit, as expected, an increasing magnitude of shrinkage at higher temperatures. 

In figure 3b, the diametric evolution is reported. In comparison to the height displacement 

curves, the diameter evolution curves have significantly lower magnitudes, indicating that the 

sintering stress due to capillarity forces is of a similar order of magnitude to the applied stress. 

At 1200°C and 20 MPa, the diameter initially increases, then halts, and slowly decreases in the 

middle of the dwell. This intriguing behavior emphasizes that the influence of applied stress is 

more pronounced at the beginning of the dwell, and at a certain point, the impact of capillarity 

stresses becomes stronger. This highlights the fact that the capillarity stress evolves and 

increases with the porosity elimination as modeled by Skorohod[40] (3). For 1200°C and 

30 MPa, it is interesting to see the specimen diameter slowly decreases despite the higher 

applied pressure. This indicates the 5-10% higher relative density of the 30 MPa test (see 

figure 3c), has a greater effect on the capillarity stress because of its porosity dependence (3). 

Concerning the tests at 1000°C and 1100°C, they are generally recorded in a lower relative 

density, ranging from 0.55 to 0.7, and the applied stress dominates involving a diameter 

increase. The diameter evolution curves, in addition to facilitating the identification of sintering 

parameters, provide a clear indication of the significance of sintering stress under varying 

conditions. These sintering data serve as the primary input for identification steps 1 to 4. 
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Figure 3 Sinter-forging curves in the isobar, isotherm regime (step 1) with the specimen height 

(A), diameter (B) and relative density (C). 
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4.2. Identification of the creep A term and of the shear and bulk moduli 

The stress exponent has been determined in [38] (step 2) and is 2.3. The step 3 consists in the 

assessment of the A creep term and the shear modulus using the regression equation (12). This 

regression is reported in figure 4a for the sinter-forging tests at 1000, 1100 and 1200°C. The 

slopes of the 1100 and 1200°C tests converge to a same value of µ exponent of 3.9. For 1000°C 

only, the slope is similar except for the first points corresponding to low relative densities. The 

model represented by the dotted curve takes a fixed 3.9 value of µ for all the temperatures. The 

origin gave the A value for each temperature. The temperature dependence of A is then 

determined by the regression equation (14) and is reported in figure 4b. 

𝑙𝑛(𝐴𝑇) = 𝑙𝑛(𝐴0) −
𝑄

𝑅𝑇
          (14) 

This regression gives the following values for the creep terms: A0=5.54E-3K.S-1.Pa-n and 

Q=483kJ.mol-1. This activation energy is close to the literature values of 440kJ.mol-1[28], 

430kJ.mol-1[44], 487kJ.mol-1[45] that are attributed to grain boundary diffusion. 

Knowing A0, Q, and φ , the bulk modulus ψ can be determined using equation (9) and the strain 

rates data (step 4). The obtained shear and bulk moduli are reported in figure 5. All the curves 

at the different temperatures and pressures converge to similar moduli functions that depend 

only of the porosity. These moduli porosity functions have been fitted by porosity mathematical 

function reported on the graph. These functions are very useful to implement the moduli in a 

finite element software. The unicity of the porosity dependence of these moduli confirms the 

surface diffusion does not disturb the porosity skeleton. The latter is known to be minimized by 

the high heating rate (100 K.min-1) [32,33]. 
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Figure 4 Step 3 of the identification process, (A) graph of the linear regression giving the shear 

modulus exponent by the slope and A by the origin; (B) determination of the A(T) temperature 

dependent terms A0 and Q. 
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Figure 5 Graph of the obtained experimental moduli and their mathematical fit equation, (A) 

shear modulus fitting, (B) step 4 of identification of the bulk modulus and fitting. 
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is conducted, different fitting scenarios are tested and compared to the simulation of the 

specimens’ experimental dimensional curves. The same can be done for the fitting of figure 4a 

data. In order to conduct this verification, the sinter-forging data have been incorporated in the 

finite element code using the Skorohod-Olevsky model. The experimental data of the 

specimen’s height, diameter and relative density were compared to the finite element results. 

These simulations are reported in figure 6 for the best data fitting. This shows that the unique 

set of sintering parameters reproduces well the axial and radial dimensional changes of the 

specimen for all the sinter-forging tests with an error of less than 5%. Even the test at 1000°C, 

where the model fitting in figure 4a was not well adjusted, has a very acceptable reproduction 

of the sintering curves in figure 6a. Compared to a reduced study limited to a few tests 

verification, the fact that a unique model reproduces the experimental data in very different 

experimental conditions is a very positive result. The discrepancy observed can be due to small 

temperature heterogeneity which can be present for microwave sintering and under high heating 

rate like 100K/min.  
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Figure 6 Verification of the finite-element model by the simulation of the sinter-forging tests. 
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4.4. Comparison of the obtained moduli with the literature theory and to other experimental 

moduli 

Commenting on the experimental moduli is challenging as they reflect the geometry of the 

porosity skeleton. Nevertheless, it is insightful to compare their values with theoretical and 

experimental moduli reported in the literature. In figure 7, the obtained moduli are plotted with 

theoretical moduli assuming spherical porosity (dominant surface diffusion mechanism that 

reorganizes the pore shape) and other moduli extracted from the literature for ceramics. The 

theoretical moduli are based on plasticity or creep behavior [16,39]. For Skorohod-Olevsky 

model, the moduli with the lowest value corresponds to the highest stress intensification and 

high sintering responsiveness [32]. As expected, the theoretical moduli that assumes spherical 

porosity are very close and have the highest values and a poor sintering responsiveness. On the 

contrary, all the experimental moduli of ceramics have clearly lower values than the theoretical 

one meaning the pore spheroidization by surface diffusion is not dominant in real ceramic 

microstructures. These are more reactive than the classic theory expected sintering response 

and could more easily simulate rapid or flash sintering processes if experimentally determined 

[32]. The moduli obtained in this study have values in the middle range of the other 

experimental ceramic values. 
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Figure 7 Comparison of the obtained experimental moduli with other experimental and 

theoretical moduli. 
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the rest of the shape approaches full densification, the punches stop, and the zones with high 

thicknesses remain porous. The fact that these zones are more porous results in less stress in 

these areas. The denser zones bear the primary stress for the entire shape. This simulated tool 

can be utilized to analyze the densification behavior of ceramic powders under different 

temperatures, pressures, and shapes. Among the possible applications in pressure assisted 

sintering simulation, we have: the simulation of densification gradient in hot pressing devices, 

the study of the deformations induced by container in hot isostatic pressing, the study of 

porosity originated from temperature gradients in unconventional heating processes like spark 

plasma sintering, microwave sintering, flash sintering or in forming processes, etc.  
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Figure 8 Simulation example of a multi-thicknesses complex shape hot pressing using the 

identified sintering model. 
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5. Conclusion 

The high interdependence of sintering model parameters to final stage grain growth is a great 

challenge severely limiting the pressure assisted sintering model assessment method for 

ceramic powders. In this study, we present a comprehensive method based on sinter-forging 

tests to solve this problem. Unlike our previous approach, this new method incorporates the 

sintering stress and is instrumented to significantly limit the extensive iterations tests that 

involved a high sensitivity to experimental discrepancies. The method is then perfectly suited 

to assess the sintering behavior of ceramic nanopowders having high sintering stress. It allows 

fast heating (100 K/min) while the exploration of the moduli and ceramic underlying creep 

behavior.  

This method identified an activation energy of 483 kJ/mol, a value in reasonable agreement 

with the literature, corresponding to grain boundary diffusion. Concerning the moduli, they 

converge to a unique porosity function regardless of temperature and pressure conditions. This 

confirms the sintering theory associating a single porosity function for sintering in close 

conditions. Given the high dependence of these moduli on porosity geometry, their consistency 

in experiments with rapid prior heating suggests reduced surface diffusion. The experimental 

moduli identified falls within a similar range as the few rare other experimental moduli in the 

literature. This new method can be used to generate more experimental data on sintering moduli, 

which is still very limited in the literature for ceramics. 
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