






image will be the size of the sample of LR image multiplied by R. In the super-image, the pore network is 
extracted, and the permeability is simulated. 

3. Results and discussion 

Examples of 3D images, before and after the segmentation process, are shown in Figure 2 for the sample 
S11 in both spatial scales (LR and HR images). We can observe the spherical shape of pores and the 
agglomerates of alumina particles in scale 1. The volume fraction and geometrical configuration of phases 
presented by sample E11 display similar behavior to those of sample S11. 

 

Figure 2. Segmentation image processing of sample S11. (a) LR images segmented in three-phases: 
porous (blue), solid (orange) and non-solved region (gray). (b) HR images segmented in porous (red) and 
solid (light green). (c) and (d) individual pores and solid phases from the whole sample. Scale length to LR 
images is 1000 µm and to HR images is 50 µm. 

Image processing results in the phase segmentation of samples S11 and E11 as porous, solid and non-
solved regions for scale 1, and pore and solid for scale 2 quantifying their volume fractions. The data 
obtained from the images in each scale was the input data for the multiscale model (Eq(1) and Eq(2)), 
quantifying the cellular ceramics as a whole. Table 1 shows volume fraction values as well as the average 
coordination number and Darcian permeability calculated by pore network modeling. 

Table 1: Phase fraction (pores and solids), in each scale, and in entire sample determined by multiscale 
model and in the super-image.  

Sample Scale/ 
Resolution (μm) 

Solid 
fraction (%) 

Pore 
fraction (%) 

Average 
coordination 
number  

Darcian 
permeability (mD) 
 

S11 s1/6.82 8.61 3.87 - 0.00 
 s2/1.17 61.61 38.39 3.90 43.90 
 Multiscale 62.53 37.47 - - 
 Super-Image 67.77 35.23 4.00 25.10 
      
E11 s1/6.82 7.11 3.35 - 0.00 
 s2/1.17 55.90 44.10 4.30 43.50 
 Multiscale  57.17 42.84 - - 
 Super-Image 57.97 42.03 4.40 32.80 
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Figure 3 shows the REV of samples S11 and E11 determined by porosity in relation to sub-volumes taken 
at random positions inside the VOI used in the image processing. These sub-volumes were then enlarged 
in increments of 103 voxels (203, 303, 403…) until the entire volume of the super-image was reached. 
The pore size distributions measured using opening for each spatial scale for samples S11 and E11 are 
shown in Figure 4a. Figure 4b presents the total pore distribution measured (by opening) in the super-
image compared to that calculated by multiscale Eq(2) with the data presented in Figure 4a. 

 

Figure 3. Representative Elementary Volume for the porosity of the samples S11 and E11 determined in 
the super-image. 

The 3D image characterization allows comparison of the morphology and the connectivity of the porous 
spaces of the ceramics samples E11 and S11. The pore size distribution (Figure 4) showed similarity 
between E11 and S11 essentially when the spatial scale 2 (HR image) was considered. Using the pore 
network modeling, we calculated the average throat size of scale 2 as approximately 0.9 μm and 0.8 μm 
for S11 and E11, respectively. Considering the super-image, it can be observed from Table 1 that the 
sample E11 has porosity and an average coordination number larger than the S11 sample. From super-
images, the values of the simulated Darcian permeability of approximately 25 mD were obtained for S11 
and ~35 mD for E11, probably due to the slightly better connectivity and larger porosity in the latter case. 
Individually, scale 1 from both E11 and S11 correspond to non-percolating systems; the percolation arises 
due the connectivity between the pores of scale 2. Therefore, the hydraulic resistance of the fluid flow in 
samples S11 and E11 are governed by scale 2. The results obtained for the total porosity and total pore 
size distribution were very close considering the calculation by the multiscale model and the measurement 
on the super-image. 

(a) (b) 
Figure 4. Pore size distribution for (a) each scale, and (b) composed as total (bimodal) by multiscale model 
and measured in the super-image. All distributions determined by mathematical morphology. 
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4. Conclusions 

A morphological characterization of ceramics samples with dual porosity on 3D μCT images was carried 
out in this paper using a proposed image analysis pipeline. Total porosity and total pore size distribution 
were determined either by a multiscale model or by a constructed super-image that encompass 
microstructural features of both spatial scales. Results from the super-image and multiscale model are in 
good agreement. The permeability of the two samples was interpreted based on the morphology and 
connectivity of the microstructures. The analysis based on 3D images, particularly in the case of porous 
materials with two or more characteristic length scales, is a powerful tool for a better understanding of the 
relationship between microstructure and macroscopic properties. 
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